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INDUSTRIAL    ILLUMINATION    AND    THE    AVERAGE 
PERFORMANCE  OF  LIGHTING  SYSTEMS 


BY  C.  E.  CLEWELL 


Illumination  in  the  past  has  been  looked  upon  largely  as  an 
accessory.  Modem  illuminating  engineering,  however,  is  con- 
cerned with  the  adaptation  of  the  available  types  of  lamps  to 
certain  supply  circuits,  to  various  classes  of  service,  and  to  given 
conditions  of  building  construction. 

A  few  years  ago  the  older  type  of  arc  lamp  and  the  carbon 
filament  lamp,  typifying  a  large  and  a  small  unit,  covered  the 
range  of  types  of  lamps  available  for  illumination  work  in  the 
industries.  This  limitation  in  candle  power  has  gone  through 
an  evolution  by  the  introduction  in  more  recent  years  of  the 
enclosed  arc,  the  open  flame-carbon  arc,  the  metallic  flame  arc 
and  the  long  burning  flame  carbon  arc  lamp,  as  improvements 
on  the  original  arc  lamp;  and  the  metallized  filament,  the  tan- 
talum and  the  tungsten  lamp,  as  improvements  on  the  original 
filament  lamp.  The  Moore  tube,  the  Ncrnst  and  the  mercury 
vapor  lamps  are  also  available  as  new  types. 

The  candle-power  values  of  these  various  lamps  are  shown  in 
Fig.  I  where,  in  an  approximate  manner,  the  average  mean  spher- 
ical candle-power  values  of  all  types,  both  old  and  new,  are  in- 
dicated. Fig.  2  shows  the  over-all  dimensions  of  the  various 
lamps,  from  which  it  is  apparent  that  the  dimensions  for  given 
candle-power  values  have  been  modified  by  changes  in  design. 

Re-directing  the  liffit  where  most  useful,  should  be  included  in 
development  of  high-eflBciency  lamps  as  additional  to  the  matter 
of  total  light  flux  per  watt.  The  growing  tendency  to  rate 
electric  lamps  according  to  the  effective  illumination  produced  on 
the  work,  rather  than  in  terms  of  the  watts  per  mean  spherical 
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candJe  powe(i._i5 cviflcnce  that  this  item  will  probahly  he  included 

ill  the  cdnsideratioiis  of  l:tiiip  ciTicieiR-y  more  in  the  future  than 

it  hq^>ir*nn  in  the  past. 

,_  Qtiahtity  of  liR/it  is  no  longer  the  sole  criterion  of  excellence, 
.  b'ni  its  unifonnity  over  the  work,  diffusion,  adequate  inlcnsities 
..■Qft  the  sides  of  the  work,  absence  of  glare,  color  values  and  similar 
'  items  are  now  given  an  importance  almost  if  not  quite  equal  to 

mere  satisfaction  in  the  matter  of  vertically  downward  intensities. 
Factory  work,  Rcnerally  speaking,  may  be  grouped  into  work 

on  a  horizontal  plane,  as  bench  work  of  some  kinds,  which,  in 


Fig.  1 — AvuRACE    Candle  Power  Rani 


■  Old  and  Nk' 


the  main,  requires  only  downward  illumination;  and  other  work, 
such  as  that  included  under  machine  tool  operations,  foundry 
moulds,  rolling  mills,  assembly,  and  the  like,  where,  in  addition 
to  vertically  downward  light,  side  components  effective  on 
vertical  planes,  as  well  as  shadow  elimination,  play  an  important 
part  in  the  excellence  of  results. 

The  height  of  ceiling,  roof  or  trusses  limits  in  a  very  large  measure 
the  size  and  type  of  lamp  to  be  employed.  Experiment  and 
usage  demonstrate  the  disadvantage  of  using  very  large  lamps 
for  low  ceilings,  while  lack  of  economy  prohibits  the  use  of  small 
lamps  for  high  areas.     In  former  years  arc  lamps  were  used  for 
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low  factory  bays,  while  in  some  extremes  no  appreciable  general 
illumination  was  possible  due  to  the  absence  of  sufficient  clear- 
ance between  cranes  and  ceiling  for  an  arc  lamp.  In  like  manner 
very  high  bays  have  l>een  inadequately  hghtod  due  to  the  lack 
of  lamps  iMJSsessing  sufficient  candle  jiower  and  suitable  distribu- 
tion characteristics.  To-day,  however,  lamps  of  enormously 
RTcater  candle  ixjwcr  and  more  suitable  distribution  are  available 
for  the  higher  areas,  while  lamps  with  corresponding  advantages 
are  available  for  low  areas. 

Open  spaces  simplify  the  problem  by  permitting  the  use  of 
lamps  spaced  comparatively  far  apart,  while  the  interference 
of  belting  calls  for  a  type  and  arrangement  of  lamps  which  will 
provide  diffusion,  so  as  to  reduce  the  shadows  ordinarily  pro- 


PiG.  2 — Chart  Showini 


duccd  by  belts.  In  an  atmosphere  filled  with  diisl  and  dirt  a 
penetrating  light  should  Iw  employed,  and  in  spaces  of  the  latter 
class  the  maintenance  is  apt  to  be  greatly  increased  with  the 
rapid  accumulation  of  dirt  on  the  lamps  and  reflectors.  These 
items  will  be  clearer  by  a  reference  to  Figs.  3  and  4,  which  compare 
free  space  with  one  filled  with  belting. 

Typical  ceiling  constructions  as  found  in  average  shops  are 
shown  in  Figs.  5,  6, 7,  and  8.  The  arrangement  of  lamps  should 
not  be  influenced  primarily  by  the  ceiling  construction.  Plans 
made  up  without  regard  to  the  ease  of  installation  may  sometimes 
be  modified  so  as  to  yield  equally  satisfactory  results,  however, 
with  a  considerable  reduction  in  first  cost  for  installing,  by  taking 
into  account  certain  features  of  the  beams  or  girders. 
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Illwuination  Factors 

The  apacing  tlislnnre  of  lamf)S  is  .1  first  consideration.  Ex- 
periments have  shown,  for  csample,  that  in  certain  oflice  lo- 
cations with  moderate  ccilinR  heights,  a  sjiaciiiR  distance  not 
exceeding  7  ft.  fi  in.  is  most  advantaReous,  This  resuHs  in  a 
uniform  illumination  on  the  desks  if  the  proper  reflectors  are 
u.scd,  and  the  light  from  a  sufficient  number  of  sources  thus 
secured  insures  a  diffusion  of  the  resulting  illumination.  The 
directional  features  of  the  light  are  furthermore  far  superior 
to  those  cases  where  larger  spacing  distances  are  employed. 

The  spacing  also  governs  the  size  of  lamp  to  be  used.     As 


an  illustration,  whether  one  250-watt  or  four  OO-watt  tun(;Mten 
lamps  are  to  be  installed  for  a  given  area  will  be  determined  largely 
by  the  desired  directional  features  of  the  light. 

The  mounting  height  should  be  determined  on  a  basis  of  the 
avoidance  of  glare  and  of  the  ease  in  getting  at  the  lam[)S  for 
maintenance.  The  lamps  should  be  mounted  high  enough  to  be 
out  of  the  line  of  vision,  and  where  the  ceilings  are  too  low 
to  admit  this,  lamps  of  small  size  should  be  selected  lo  reduce 
the  quantity  of  light  flux  which  enters  the  eye  or  is  effective 
thereon  when  looking  into  any  lamp.  Fig.  0  shows  the  effect 
of  height  on  the  directional  qualities  of  the  resulting  illumi nation 


VOL.  XXXI,  1913 


••  ,.•*-.  ••-  • 

/^.:-*a:'.:r^7"y 

•r*    ■          '"'''•'■■»«fea2t 

-"-?^bs? 

Fig.   3— Fa(-tohy  Space   Free  hHOM  OnsTm.i 


Fig.  4 — Factory  Space  wherb  Much  Belting  is  Used. 


PLATE  LXV1I 


Fig.  5 — Wood  Ceiling  Flush  with  Under  Side  of  Gii 


PUATE   LXVlll 

A.  I.  E.  E. 

VOL,  XXXI,  1912 


Fic.  8— Open  Girder  V 


19121  CLE  WELL:  INDUSTRIAL   ILLUMINATION  1261 

on  the  working  surface.  This  illustration  shows  graphically 
the  need  of  closer  spacing  to  maintain  a  given  minimum  shadow 
effect  for  low  ceilings. 

Typical  installations  with  accompanying  data  are  indicated 
in  Table  I.  Such  a  table  of  actual  cases  may  serve  as  a  guide 
to  others  with  similar  problems  to  solve,  and  also  gives  an  idea 
of  the  var>4ng  requirements  of  different  classes  of  industrial 
work  from  the  fact  that  the  installations  here  recorded  have  been 
the  object  of  careful  study  for  a  number  of  years  and  furthermore 
are  the  results  of  carefully  prepared  plans.  Obviously,  these 
results  are  not  intended  to  be  used  as  rules  for  general  lighting 
work,  but  the  experiences  recorded  for  these  representative  lo- 
cations will  show  clearly  how  they  have  been  solved  and  what 
constants  apply  in  each  of  the  several  cases. 

Efficiency  of  Utilization 

The  term  efficiency  is  here  used  to  express  the  relation  between 
total  light  flux  furnished  by  the  lamps  to  the  work,  on  the  one 
hand,  and  the  total  flux  emanating  from  the  lamps  of  the  system 
in  all  directions,  whether  useful  or  otherwise,  on  the  other  hand. 

Such  a  use  of  the  term  refers  of  course  to  the  efficiency  of 
the  lamps  themselves  coupled  with  surroundings  and  reflectors 
in  the  matter  of  the  useful  illumination  they  furnish  to  the  work. 
The  numerical  values  expressing  this  efficiency  will  thus  be  less 
than  unity  and  expressed  in  per  cent  of  the  ideal  condition  if 
the  total  light  flux  available  were  wholly  useful  on  the  work. 

Heretofore  the  measure  of  illumination  efficiency,  if  it  may 
be  so  called,  has  been  changed  in  turn  from  watts  per  square 
foot  required  to  furnish  presumably  satisfactory  light ,  to  lumens 
per  watt  (or  foot-candles  per  watt  per  square  foot) ,  and  finally 
to  efficiency  or  the  utilization  of  the  total  light  flux  of  the  lamps. 
The  latter  is  a  measure  of  the  total  losses  from  all  causes,  such 
as  absorption  by  globes  or  reflectors,  by  dark  ceilings  and  walls, 
as  well  as  by  dust,  dirt,  belting,  or  other  obstructions,  and  there- 
fore adapts  itself  in  an  excellent  manner  to  practical  usage. 
One  other  feature  should  be  noted  in  connection  with  the  effi- 
ciency, namely,  the  importance  of  considering  average  perform- 
ance, in  distinction  from  results  obtained  when  lamps  and  re- 
flecting devices  are  new  and  clean. 

The  need  for  data  on  the  average  performance  of  illumination 
systems  has  been  felt  for  some  time.  With  the  view  of  meeting 
this  need,  and  also  for  the  purpose  of  establishing  some  certainty 
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regarding  the  various  factors  involved,  extensive  tests  have  been 
conducted  diiring  the  past  year,  and  the  results  of  the  same  are 
now  herewith  presented  for  the  first  time,  in  the  hope  that  they 
may  furnish  useful  information  on  this  important  phase  of  illumi- 
nation  systems,  and  also  serve  to  further  additional  work,  thus 
begim  in  this  particular  direction. 

Practical  Results  under  Working  Conditions,  At  the  outset 
a  study  was  made  of  the  items  involved  in  the  determination  of 
the  average  performance,  that  is,  the  variation  in  the  illiunination 
intensities  furnished  by  the  lamps  day  in  and  day  out,  and  a 
number  of  typical  locations  representative  of  average  industrial 
conditions  were  selected  for  the  test.  These  tests  were  made  on 
the  vertically  downward  (or  so-called  horizontal)  intensities  of 
the  illumination  produced  by  a  fairly  large  number  of  lamps  in 
each  location,  thus  securing  a  more  general  idea  of  the  changing 
conditions  than  would  likely  result  from  individual  tests  on  single 
lamps  or  reflectors.  By  these  tests  it  has  been  sought  to  establish 
the  actual  efficiency  of  the  various  illumination  systems  con- 
sidered, as  compared  to  the  theoretical  efficiency  which  might  be 
supposed  to  exist  from  calculation  based  on  candle-power  distri- 
bution curves.  Fotu*  conditions  were  chosen,  as  follows:  (1) 
new  lamps  and  reflectors;  (2)  clean  lamps  which  have  been 
in  service  for  several  months,  and  clean  reflectors;  (3)  clean 
lamps  several  months  old  and  soiled  reflectors,  ready  to  be  washed 
in  the  routine  of  the  plant;  and  (4)  soiled  lamps  and  soiled 
reflectors  ready  to  be  cleaned.  This  series  of  conditions  repre- 
sents lowering  steps  in  the  efficiency  of  the  system,  and  the 
results  show  by  how  much  each  of  these  factors  may  reduce  the 
total  efficiency.  It  will  be  apparent  that  the  reduction  in  effi- 
ciency by  these  three  items  refers  to  losses  in  the  system  itself. 
These  losses  further  obviously  determine  the  inherent  perform- 
ance of  the  system,  and  great  care  was  required  in  making  these 
tests  to  maintain  conditions  unchanged  throughout  the  tests, 
that  is,  under  shop  conditions,  to  be  sure  that  the  dust  and  dirt 
on  reflectors  was  left  undisturbed. 

Five  typical  factory  locations  were  selected  for  this  test,  which 
covered  seventeen  weeks  in  itself,  but  which  represents  a  con- 
siderably longer  period  of  time  in  preliminary  tests  made  through- 
out the  past  few  years  leading  to  the  determination  of  ultimate 
reductions  of  light  due  to  dust  and  dirt.  These  five  locations 
were  equipped  with  tungsten  lamps  and  glass  reflectors.  The 
locations  included  a  regular  office  in  an  office  building;  a  long 
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narrow  factory  oflSce  ;  a  low  factory  space  with  no  walls  and  very 
dark  ceiling;  a  medium  high  factory  space  with  light  walls  and 
light  ceilings;  and  a  moderately  high  factory  space  with  dark 
walls  and  no  ceiling,  the  lamps  being  mounted  on  stringer  boards 
attached  to  the  girders.  Observations  of  voltage  were  taken  and 
all  intensities  corrected  for  the  normal  lamp  voltage.  Table  II 
shows  the  results  of  these  t^ts  and  the  attending  siurounding 
circumstances,  while  Table  III  shows  the  averages  of  the  results. 
The  value  of  these  constants  can  hardly  be  overestimated  when 


TABLE   II 
TEST  RESULTS   ON   TUNGSTEN   SYSTEMS    WITH    GLASS   REFLECTORS 


Efficiency  values* 
Conditions  of  test 


Ceiling 

Wall 

Lamps 

Reflectors 

Class  of  work 

Time  between  washings. 

Results 

Soiled  lamps 
Soiled  reflectors 

Clean  lamps 
Soiled  reflectors 

Clean  lamps 
Clean  reflectors 

New  lamps 
Clean  reflectors 


Fairly 

Medium 

Fairly 

high 

Low 

high 

high 

Low 

factory 

factory 

factory 

factory 

office 

office 

space 

space 

space 

Light 

Light 

Dark 

Light 

None 

Light 

Light 

None 

Light 

Dark 

60-W  Cl. 

60-W.  01. 

100-W.  Cl 

100-W.  Cl 

100-W.  Cl 

I-^SP. 

I-«0C1. 

I-lOO  Cl. 

I-lOO  Cl. 

F-lOO  Cl. 

Desk 

Desk 

Machines 

Bench 

Bench 

14  weeks 

17  weeks 
Efficiency 

9  weeks 
in  per  cent 

11  weeks 

13  weeks 

19.7 

24.2 

22.4 

25 

20.1 

20.7 

24.9 

22.5 

27 

23.6 

34.1 

29.3 

31.2 

35.3 

33.6 

34.1 

31.2 

31.9 

30. 1 

39.1 

*A11  efficiency  values  corrected  for  normal  lamp  voltage. 


considered  in  the  light  of  their  usefulness  in  the  calculation 
of  factory  lighting  systems,  which  can  thus  be  based  on  absolute 
experience.  The  foregoing  notes  apply  to  the  performance  of  a 
system  as  installed  and  in  regular  service. 

Depreciation  Items.  In  the  calculation  of  illumination  sys- 
tems additional  factors  must  be  taken  into  account,  namely,  (1) 
the  effect  due  to  the  operation  of  the  lamps  at  a  voltage  other 
than  their  rating,  frequently  the  case  in  tungsten  systems;  (2)  the 
depreciation  of  candle  power  due  to  the  aging  of  the  lamps;   (3) 
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the  depreciation  due  to  surroundings  which  are  liable  to  become 
dark;  and  (4)  the  effect  of  dust  and  dirt  accumulations. 

The  losses  due  to  voltage  conditions  can  readily  be  calculated 
from  the  curves  showing  the  variation  of  candle  power  with 
voltage;  the  effect  of  age  of  the  lamps,  although  somewhat  more 
uncertain,  can  be  determined  with  a  fair  degree  of  accuracy  from 
the  life  curves  of  the  lamps  as  made  by  the  lamp  manufacturing 
cxmipanies;  tests  have  been  conducted,  as  previously  referred  to, 
in  the  determination  of  the  effect  of  surroundings  on  the  illimiina- 
tion  results.  The  following  material  has  resulted  from  extended 
tests  on  a  variety  of  lighting  systems  to  determine  the  dust  and 
dirt  characteristic  depreciation  curves  with  elapsed  time  of 
service.  While  the  tests  just  described  for  the  determination  of 
practical  efficiencies  at  the  beginning  and  at  the  end  of  a  cleaning 

TABLE   III 
AVERAGE    TEST    RESULTS    ON    TUNGSTEN    SYSTEMS    WITH    GLASS 

REFLECTORS* 

Average 
efficiency 
of  system 

Low  office 27 . 1  per  cent 

Fairly  high  factory  office 27 .4     ■       " 

Low  factory  space 27         *       * 

Medium  high  factory  space 30 . 8     ■       " 

Fairly  high  factory  space 29. 1     ■       * 


*A11  efficiency  values  corrected  for  normal  lamp  voltage. 

period  were  difficult  in  the  matter  of  maintaining  conditions 
unchanged,  these  same  difficulties  encountered  in  this  particular 
test  were  considerably  greater.  To  insure  value,  it  was  deemed 
essential  to  perform  the  tests  in  factory  spaces  where  the  regular 
manufacturing  operations  were  in  progress  from  day  to  day. 
This  necessitated  constant  watchfulness  to  make  sure  that  the 
systems  were  undisturbed  in  the  matter  of  the  dust  and  dirt 
accumulations. 

At  the  outset  the  results  anticipated  rather  seemed  to  promise 
indefinite  results.  Figs.  10,  11,  12,  13  and  14  indicate  the 
characteristic  curves  of  illumination  intensities  over  a  number  of 
weeks  as  the  result  of  the  tests,  and  from  these  curves  the  very 
interesting  and  instructive  conclusions  may  be  roughly  drawn, 
that  under  average  factory  conditions  the  deterioration  of  glass 
reflectors  due  to  dust  and  dirt  follows  a  fairly  definite  rate  of 
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candle  power  reduction,  in  so  far  as  conclusions  can  be  deduced 
from  the  number  of  cases  on  which  these  tests  were  conducted. 
This  reduction  as  shown  in  the  curves  is  due  alone  to  dirt  accu- 
mulations on  the  reflectors,  since  the  new  lamps  were  inserted 
before  each  test  and  all  observations  were  corrected  to  correspond 
to  normal  lamp  voltage. 

The  curve  sheet  shown  in  Fig.  15  has  been  derived  from  the 
deterioration  curves.  This  curve  sheet  shows,  for  example,  that 
based  on  the  average  cleaning  cost  of  three  cents  per  reflector, 
with  energy  at  two  cents  per  kilowatt-hour,  the  integrated  cost 
of  light  lost  at  the  end  of  sixteen  days  in  one  of  the  cases,  is  equal 
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L  Dirt  Accumulations. 


to  the  cost  of  cleaning.  This  point  (namely  sixteen  days)  would 
then  naturally  determine  the  economical  interval  for  cleaning 
reflectors  in  this  particular  location,  provided  always  that  the 
reduction  in  intensity  at  the  end  of  this  interval  is  not  below  that 
which  is  necessary  for  satisfactory  vision.  It  is  of  interest  to 
note  that  apparently  the  effect  of  dust  and  dirt  takes  place  far 
more  rapidly  in  the  first  week  or  ten  days  than  during  the  suc- 
ceeding weeks. 

Other  useful  information  may  be  deduced  from  these  curves  as 
follows;  if,  for  example,  the  loss  of  light  at  the  end  of  sixteen 
days  equals  25  [ler  cent,  which  moans,  for  an  initial  intensity  of 
four  foot-candles,  that  there  remain,  at  the  end  of  sixteen  days, 
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only  three  foot-candles,  the  average  intensity  throughtiut  the 
sixteen-day  interval  may  be  approximated  at  three  and  one- 
half  foot-candles,  provided  the  reflectors  are  cleaned  once  every 
sixteen  days. 

If  an  additional  sixteen  days  without  cleaning  means  a  still 
further  reduction  from  three  to  two  foot-candles,  the  average 
intensity  of  the  illumination  throughout  the  thirty-two  days 
interval  may  be  approximated  at  three-foot  candles.  Hence  the 
cleaning  of  the  reflectors  at  intervals  of  sixteen  instead  of  thirty- 
two  days  should  insure  an  average  intensity  of  say  three  and  one- 
half  instead  of  three  foot-candles,  or  in  other  words  to  main- 
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tain  an  average  intensity  of  three  and  one-half  foot-candles 
Vould  require  approximately  twenty  ]X'r  cent  more  lamps  in  the 
installation  for  a  thirty-two  days  than  for  a  sixteen  days  cleaning 
interval. 

This  would  mean  in  an  installation  of  say  1200  tungsten 
lamps,  a  savit^  of  200  lamps  in  the  original  installation,  or 
roughly,  $1,000  in  a  total  of  $6,000,  the  first  cost,  by  the 
adoption  of  a  sixteen  days  instead  of  a  thirty-two  days  cleaning 
interval.  To  clean  1200  reflectors  every  thirty-two  days  in- 
volves in  practise  an  expenditure  of  approximately  $432  per 
annum,  while  to  "clean  the  smaller  number  of  1000  reflectors  once 
per  sixteen  days  involves  approximately  $720  per  annum,  or  an 
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increase  of  say  $288  per  annum.  The  increased  cost  of  cleaning, 
with  shorter  cleaning  intervals,  is,  therefore,  small  in  comparison 
to  the  reduced  first  cost,  to  the  lower  energy  consumption  with  a 
smaller  nimiber  of  lamps,  and  to  the  improved  average  service. 

The  foregoing  hypothetical  instance  can  be  worked  out  with 
accuracy  for  any  of  the  locations  found  in  the  deterioration 
curve  sheets,  by  the  substitution  of  actual  for  the  assumed 
values,  and  when  applied  to  practical  illumination  design  will 
be  found  to  affect  the  results  in  a  significant  manner. 

Maintenance 

Necessity  for  Systematic  Maintenance,  From  the  foregoing 
statements  the  necessity  for  careful  and  systematic  main- 
tenance will  at  once  be  apparent.  In  one  large  system  of  10,000 
tungsten  lamps,  the  losses  of  light  per  day  due  to  dust  and 
dirt  interpreted  into  money  values,  that  is  to  say,  evaluating 
the  energy  in  watts  represented  by  light  wasted  through  absorp- 
tion by  the  dirt,  to  its  kilowatt-hour  cost,  amounts  approximately 
to  $20  per  day,  or  $7,500  per  annum.  If  the  systems  are  allowed 
to  go  uncleaned  beyond  the  economical  point,  these  losses 
become  aggravated.  The  expenditure  of  an  amount  like  the 
foregoing,  for  energy  which  represents  no  return,  serves  to  in- 
dicate in  a  startling  manner  the  significance  of  adequate  main- 
tenance. 

This  illustration  and  the  ones  previously  mentioned  in  con- 
nection with  deterioration  have  been  based  on  tungsten  systems, 
but  the  results  will  show  what  may  be  expected  in  lighting  sys- 
tems of  other  types  of  lamps  from  the  accumulation  of  dust  and 
dirt,  and  it  is  hoped  that  these  tests  and  statements  will  be 
but  forerunners  of  additional  data  along  these  and  similar  lines 
in  the  near  future. 

General  Methods.  The  limitations  of  this  paper  prevent 
more  than  a  passing  reference  to  the  details  of  maintenance 
work.  It  will  suffice  to  say  that  systematic  methods  are  now 
being  worked  out  and  are  in  operation  for  handling  this  feature 
of  lighting  system  operation.  It  is  the  desire  that  data  like 
the  foregoing  will  be  a  stimulus  to  further  and  more  liberal 
attention  in  the  matter  of  such  work,  and  that  they  will  promote 
more  system  in  short  cleaning  intervals  and  other  similar  work. 

Economic  Relations 

Relation  of  Wages  to  Illumination,  The  chart  shown  in  Fig.  16 
has  been  prepared  to  give  an  idea  of  the  relation  of  average  wage 


19121  CLEWELL:  INDUSTRIAL   ILLUMINATION  1271 


Fic.  16 — CuKVBS  Showing  Relation  of  Averaob  Wages  to  Lighting 
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conditions  and  lighting  costs.  The  values  are  taken  from  actual 
average  cases  and  show  in  a  graphical  manner  the  small  percent- 
ages of  the  total  wages  represented  by  the  average  lighting  costs. 
When  one  pauses  to  consider  the  fact  that  the  wages  for  six 
minutes  per  day  in  average  shops,  |>ays  not  only  for  meagre, 
but  also  for  entirely  adequate  illumination ,  and  when  one  further 
considers  that  nearly  all  shops  have  some  Ugh  ting  facilities,  poor 
as  they  may  be,  the  difference  between  poor  and  excellent  light- 
ing in  its  relations  to  improved  surroundings  and  better  workman- 
ship is  apparent. 

Present  Activity  in  Industrial  Lighting 

In  one  large  shop  where  extensive  installations  of  high  effi- 
ciency lamps  have  been  under  way  for  nearly  three  years,  a  sum- 
mary shows  an  increase  of  nearly  30  per  cent  in  actual  candle 
power  for  a  5  per  cent  increase  in  total  operating  and  mainte- 
nance costs.  This  increase  of  30  per  cent  in  candle  power  in  no 
way,  however,  indicates  the  enormous  improvements  in  the 
matter  of  excellence  in  distribution  and  refinement  of  results; 
it  merely  shows  what  great  advances  have  been  made  in  the  pos- 
sibilities of  industrial  illumination  by  the  newer  types  of  lamps. 
Added  to  this  candle  power  increase  there  are,  of  course,  many 
advantages  which  have  been  brought  about  by  the  careful  and 
scientific  adaptation  of  the  lamps  best  suited  to  each  condition. 

It  will  be  impracticable  to  indicate  in  a  definite  manner  the 
extent  of  present  activity  in  terms  of  exact  installations,  but  it 
is  of  both  interest  and  significance  to  note  the  progress  which  is 
being  made  in  the  growing  intelligence  among  factory  owners 
regarding  the  proper  illumination  for  their  plants.  The  work 
of  the  past  few  years  along  this  line,  if  taken  as  an  indication  of 
what  may  be  expected,  promises  great  advances  in  the  immediate 
future. 
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THE    PROBLEMS   OF   INTERIOR   ILLUMINATION 


BY  BASSETT  JONES,  JR. 


The  practise  of  illuminating  engineering  as  a  separate  profes- 
sion is  a  recent  development  of  applied  science.  So  short  a 
time  ago  as  15  years  there  was  little  if  any  room  or  need  for  such 
work,  and  the  **  art  of  illumination  "  was  largely  a  matter  of 
guess-work,  precedent,  and  simple  attempts  to  produce  artificial 
light,  with  little  attention  given  to  its  distribution  from  the 
standpoint  of  economy  as  that  word  is  understood  today. 

Within  the  last  decade  we  have  seen  remarkable  strides  in  the 
development  of  illuminants  to  meet  the  enormous  demand  for 
means  of  efficiently  producing  brilliant  illumination.  This  de- 
mand is  largely  due  to  the  commercial  pressure  of  the  times  which 
requires  that  we  shall  do  a  large  part  of  our  work  and  take 
practically  all  of  our  pleasures  after  dark. 

It  has  been  found  that  the  character  of  illumination  has  a 
direct  influence  on  the  efficiency  of  work,  and  efficiency,  in  the 
broad  sense,  being  the  password  of  the  period,  it  naturally  fol- 
lows that  any  profession,  the  practise  of  which  can  do  much  to 
improve  economical  conditions,  will  find  a  large  demand  for  its 
product. 

The  economical  production  of  artificial  light,  depending,  as 
at  present,  generally  upon  the  raising  of  solids  or  gases  to  exceed- 
ingly high  temperatures  has  required  a  parallel  development 
of  auxiliary  devices  to  protect  the  eye  from  injury. 

The  design  of  illuminants,  generally  following  upon  the  results 
of  laboratory  experiments  and  research,  has  produced  devices, 
the  sole  object  of  which  is,  as  a  rule,  the  economical  production 
of  light.  Until  very  recently  the  difficulties  encountered  in  the 
commercial  manufacture  of  illuminants  has  precluded  any  defi- 
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nite  attempts  at  design  for  given  distribution  of  light  flux,  and 
this  has  opened  a  wide  field  for  the  manufacture  of  reflectors 
to  redistribute  the  flux  properly  for  the  varied  sorts  of  work  to  be 
done  by  its  aid. 

The  work  of  the  illuminating  engineer  is,  then,  the  design  of 
such  arrangements  of  illuminants  as  will  most  economically 
meet  the  demand  for  properly  distributed  light.  In  attacking 
any  specific  problem  he  must  consider,  first,  the  kind  of  work  to 
be  done  by  artificial  light,  second,  the  distribution  of  light  flux 
that  will  make  it  possible  to  do  that  particular  work  best  under 
such  abnormal  conditions  as  the  limitations  of  his  resources 
impose,  and  third,  the  character  and  arrangement  of  illuminants 
that  will  most  economically  produce  the  light  required. 

So  much  for  the  general  aspect  of  our  subject.  Specifically 
I  propose  to  devote  the  remainder  of  this  paper  to  the  considera- 
tion of  certain  phases  of  the  problem  of  interior  illumination, 
where  the  interior  is  of  such  architectural  character  as  to  demand 
in  the  design  of  its  lighting  equipment  more  than  mere  engineer- 
ing considerations,  and  for  the  reason  that  an  enormous  field  for 
this  kind  of  work  is  rapidly  developing  itself.  The  problems 
that  arise  diuing  the  design  of  such  illviminating  schemes  are 
varied  and  interesting,  and  their  solution  often  taxes  to  the  utter- 
most the  knowledge,  imagination  and  ingenuity  of  the  engineer. 

Those  who  are  in  touch  with  the  philosophy  of  our  time  know 
that  the  word  **  efficiency  "  has  acquired  a  very  great  importance 
in  fields  of  activity  into  which  energy,  as  we  understand  the 
word,  does  not  enter.  '*  Human  efficiency,'*  "  social  efficiency," 
etc.,  are  expressions  the  use  of  which  is  increasing,  and  this  broad- 
ening of  the  concept  has  had  a  retroative  effect  on  the  engineering 
profession  until  today,  we  frequently  hear  the  engineer  talked  of 
as  a  social  servant.  His  work  is  efficient  when  it  redounds  to 
the  benefit  of  society  and  this,  whether  or  not  his  designs  are 
worked  out  with  regard  to  maximum  energy  efficiency.  As  a 
matter  of  fact  one's  work  is  efficient  when,  with  a  minimum  of 
means,  one  succeeds  in  accompUshing  what  one  sets  out  to  do.  But 
the  accent  is  always  on  the  success. 

It  does  not  matter  whether  what  is  accomplished  is  the  gener- 
ation of  50,000  kilowatts  at  Squeedunk  Falls  and  its  transmission 
to  Bisonville,  the  construction  of  a  himdred  story  building,  the 
ornamentation  of  a  wall,  the  carving  of  a  marble  Venus,  or  the 
salvation  of  lost  souls,  the  same  nile  applies,  and,  by  the  same 
token,  it  is,  within  reason,  the  result  rather  than  the  means  by 
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which  the  world  will  gage  such  work.  You,  as  engineers,  may 
sit  in  judgment  upon  the  fractional  percentage  avoidable  loss  in 
the  Squeedimk-Bisonville  line,  but  the  citizen  of  Bisonville 
judges  only  by  the  constancy  and  general  satisfaction  of  the 
service. 

So,  in  the  artificial  illiunination  of  interiors  such  as  we  shall 
study,  the  gage  of  efficiency  can  only  be  applied  when  we  appre- 
ciate and  understand  the  results  accomplished,  whether  these 
results  be  the  proper  illvimination  of  the  working  areas  or  attain- 
ment of  proper  shadows  and  color  values  in  the  architectural 
design,  or  both.  Usually  both  results  must  be  obtained.  Hence 
this  complexity  of  the  problem. 

It  has  generally  been  the  custom  to  rate  the  efficiency  of  a  light- 
ing equipment  by  the  ratio  of  light  flux  received  on  a  plane  de- 
termined at  so  many  inches  above  the  floor  to  the  light  flux 
generated.    The  arbitrary  and  unnatural  results  obtained  are 
best  criticised  by  the  following  considerations. 

Such  a  method  of  determining  efficiency  counts  as  a  loss  all  of 
the  light  employed  in  producing  beautiful  effects  in  fixtures  and 
lost  by  absorption  in  the  pigments  used  in  decorating  the  walls 
a.nd  ceiling.  The  light  so  employed  in  properly  obtaining  effects 
is  useful  in  the  sense  that  it  does  what  is  required  of  it.  It  does 
not  follow  because  the  light  used  in  setting  forth  the  design  of  a 
library  is  not  directly  concerned  with  the  actual  business  of  the 
room,  that  the  lighting  equipment  is  inefficient.  In  fact  only  a 
small  portion  of  the  generated  flux  need  be  used  for  reading  and 
still  the  system  be  highly  efficient,  since  it  makes  the  room  ef- 
fective and  pleasant  to  see  and  to  be  in,  whether  one  reads  or 
not. 

So  too,  in  an  ornate  banking  room  only  a  very  small  propor- 
tion of  the  generated  flux  may  be  employed  in  illuminating 
desks  or  other  places  where  the  work  of  the  bank  is  done  pro- 
vided such  places  are  in  themselves  properly  lighted,  and  still 
the  illuminating  efficiency  be  very  high  when  properly  rated. 

It  is  quite  useless  to  have  beautiftd  things  unless  one  can  see 
them,  and  that  illumination  which  properly  sets  them  off  in  true 
value  as  to  perspective,  shadow,  and  color  is  correctly  designed 
no  matter  how  much  energy  is  necessarily  and  purposefully 
used  in  obtaining  the  correct  results. 

In  fact,  the  work  to  be  done  by  any  such  lighting  arrangemeht 
is  not  only  to  enable  us  to  see  to  do  our  work  with  ease  and 
oomforty  but  also  to  make  the  interior  pleasant  to  the  senses 
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and  to  make  its  beauty  visible.  The  frescoes  of  St.  Peter's  are 
wasted  unless  they  can  be  seen  and  for  this  purpose  the  "  work- 
ing plane  "  is  on  the  ceiling  and  not  near  the  floor. 

These  remarks  recall  to  the  writer  a  review  of  some  of  his 
work  in  which  the  curious  statement  was  made  that  "  the  effi- 
ciency was  remarkably  high  (about  25  per  cent)  when  one  con- 
siders the  decorative  character  of  the  illumination.** 

I  presume  the  reviewer  considered  that  since  the  interior  was 
an  auditorium  the  working  plane  was  somehow  at  the  level  of 
the  programs.  Apart  from  the  question  as  to  the  existence  of 
programs,  is  it  not  obviously  ridiculous  to  ignore  the  light  flux 
used  to  set  off  the  ceiling,  which  happened  to  be  the  most  import- 
ant architectural  feature  of  the  room,  and  the  elaborate  and 
interesting  color  scheme  of  which  the  light  sources  themselves, 
their  color  and  their  intensity,  formed  a  part? 

As  a  matter  of  fact  can  such  an  illuminating  system  be  rated 
at  all  in  terms  of  energy  efficiency?  Obviously,  it  cannot  be  so 
rated,  and  the  term  has  no  meaning  when  applied.  The  difficulty 
is  to  distinguish  between  energy  efficiency  properly  speaking 
and  general  efficiency  which  refers  to  the  relation  of  end  to 
means.  Perhaps  it  would  be  better  to  rate  such  illumination  in 
terms  of  effectiveness  for,  of  coiu^e,  we  are  dealing  with  a  sub- 
ject that  bids  fair  to  become  a  fine  art.  But  in  so  doing  we  are 
introducing  that  indeterminate  factor,  personal  taste. 

Evidently  one  must  come  to  judge  such  work  free  from  the 
prejudices  borne  of  narrow  technical  training.  Appreciation  of 
the  beautiful  must  be  our  starting  point. 

But  it  is  necessary  for  the  engineer  engaged  in  the  design  of 
lighting  equipments  of  this  character  to  have  some  basis  of  com- 
parison. And  for  this  purpose  the  arbitrary  rating  in  terms  of 
flux  received  on  a  certain  plane  may  serve  well  enough.  This 
will,  at  least,  isolate  that  part  of  the  illumination  concerned  with 
utilitarian  ends. 

The  problems  of  interior  illumination  are  now  evident.  The 
engineer  must  be  able  to  grasp  and  appreciate  the  effect  desired, 
and  to  so  devise  the  equipment  that  this  result  will  be  accom- 
plished with  as  little  outlay  and  nmning  cost  as  possible.  He  must 
imderstand  the  relation  of  shadow  and  color  to  design  so  that 
the  lighting  arrangements  will  not  warp  or  destroy  the  value  of 
the  architectural  treatment  and  ornament.  For,  as  I  shall  later 
show,  the  importance  of  shadow  and  color  is  primary. 

The  engineer  must  know  sufficient  about  color,  as  such,  and 
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about  pigments,  to  discern  beforehand  just  what  effect  any  par- 
ticular tone  or  intensity  in  the  light  will  have  in  altering  the 
color  scheme,  for  both  color  and  intensity  in  light  have  marked 
effects  on  colored  pigments,  and  these  effects  vary  with  the  char- 
acter and  saturation  of  the  pigments.  Thus  the  color  of  satu- 
rated pigments  or  pigments  pure  in  color,  remains  true  in  tone 
under  variation  of  color  in  the  illumination,  varying  only  in 
luminosity,  while,  under  similar  conditions,  unsaturated  pig- 
ments, or  pigments  mixed  with  white,  vary  widely  in  color. 

Under  low  intensity  of  illumination  the  cold  colors,  blue- 
green,  blue  and  violet,  are  more  luminous  than  the  warm  colors, 
red,  orange  and  yellow,  while  under  high  intensity  of  illumina- 
tion the  results  are  reversed. 

The  relative  importance  of  the  colors  in  the  ornamental  treat- 
ment may  then  be  variously  altered  by  the  character  of  the  illu- 
mination. Since  it  is  rarely  possible  to  determine  the  color 
scheme  only  for  artificial  light,  it  must  be  subject  to  such  alter- 
ations of  greater  or  less  extent  and  the  engineer  must  so  select 
and  arrange  his  illuminants  that  the  change  will  not  be  injurious 
or  productive  of  as  little  injtuy  as  possible. 

The  possibility  of  interestingly  modifying  the  character  of 
the  color  ornamentation  by  modifications  in  the  color  of  the 
illumination  opens  up  a  remarkable  field  for  the  display  of 
ingenuity  and  good  taste.  This  phase  of  the  subject  is  almost 
an  art  in  itself. 

Again,  shadows  constitute  an  important  means  of  setting  off 
relief  design.  Such  designs  are,  in  fact,  little  more  than  arrange- 
ments in  light  and  shade,  so  that  any  extensive  alteration  of  the 
shadows  in  direction,  extent,  or  luminosity,  will  usually  consti- 
tute a  corresponding  alteration  in  the  effect  of  the  design.  The 
engineer  must  therefore  see  to  it  that  the  shadows,  usually 
essentially  altered  by  artificial  light,  are  changed  in  such  a  fashion 
as  to  produce  an  interesting  effect.  Reversal  of  shadows  may 
reverse  the  apparent  projections  in  the  relief. 

It  is  obvious,  then,  that  where  the  architectural  effects  are 
produced  by  relief  ornament,  the  apparent  flattening  of  such 
ornament  by  excessive  diffusion  of  light  may  have  a  very  harmful 
effect.  This  is  particularly  true  of  Gothic  design  in  which  the 
characteristic  is  emphasized  by  deep  reveals  and  retiuns  pro- 
ducing deep  and  often  black  shadows  with  correspondingly 
accented  high  lights. 

Of  course,  where  loss  of  shadow  is  unavoidable,  the  design  may 
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be  picked  out  in  carefully  selected  unsaturated  tints.  During 
the  day  these  tints,  if  carefully  chosen,  will  be  inconspicuous 
giving  full  play  to  shadow  effects,  while  during  the  evening  they 
may  be  accented  by  proper  color  or  colors  in  the  illumination. 

Another  consideration  that  in  these  days  of  unlimited  indirect 
illumination  requires  careful  attention  is  the  balance  of  the  de- 
sign. For  artistic  effect,  where  should  the  emphatic  illtunination 
be  thrown?  The  answer  to  this  question  lies  entirely  in  a  keen 
sense  for  proportion.  Generally  speaking,  interiors  are  lighted 
by  daylight  streaming  through  windows  from  the  sky  above  the 
horizon,  and  the  natural  result  is  that  almost  all  well  conceived 
interiors  are  designed  to  present  the  best  effect  when  the  brilliant 
illumination  is  on  or  near  the  floor;  the  ceiling  and  upper  parts  of 
the  room,  lighted  largely  by  reflected  light,  being  subjected  to 
relatively  low  intensity  of  illumination. 

This  result  is  natural,  as  we  require  to  see  well  in  that  por- 
tion of  the  room  we  occupy  and  the  sense  of  definiteness  due  to 
the  bright  illuminations  in  the  lower  planes  gives  a  feeling  of 
"  bottom  "  to  the  area  so  lighted.  The  reversal  of  the  effect, 
particularly  when  there  is  great  contrast  between  the  now 
brightly  lighted  ceiling  and  the  floor,  produces  a  decided  feeling 
of  unbalance  and  lack  of  firmness.  The  ceiling  acquires  a  prom- 
inence not  warranted  by  its  purpose.  However,  as  we  shall 
later  point  out,  occasions  may  arise  when  the  architectural  de- 
sign is  such  that  the  light  may  and  should  properly  be  thrown 
first  upon  the  ceiling  and  then  redistributed.  But  in  all  such 
cases  great  care  must  be  taken  to  balance  the  effect  by  correct 
design  of  the  equipment,  and  in  nearly  all  such  installations 
the  intensities  of  illumination  must  be  so  low  that  the  contrast 
effect  is  inconspicuous. 

In  the  consideration  of  indirect  illumination  the  question  of 
the  excessive  loss  through  re-reflection  from  painted  surfaces  is 
frequently  brought  up.  But  such  losses  are  commonly  less  than 
would  ordinarily  be  expected,  due  to  the  fact  that  the  coefficient 
of  reflection  of  diffuse  reflecting  surfaces  is  higher  the  more  dif- 
fuse the  impinging  light. 

Lastly,  we  have  the  question  of  lighting  fixtures,  to  consider, 
for  these  must,  as  a  rule,  form  a  part  of  the  room  furnishing,  be 
things  of  beauty  both  by  day  and  by  night,  and  being  a  part  of 
the  design,  they  must  partake  of  the  character  of  the  design 
both  in  proportion  and  decoration  and  still  execute  the  duty 
demanded  of  them. 


-    ^n 
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*"?  I  So  much  for  one  aspect  of  our  problem,  although  the  discussion 

^^^  \  might  be  developed  at  great  length.    What  has  been  said  may 

serve  to  indicate  how  far-reaching  and  broad  the  subject  is. 
We  now  have  an  equally  important  series  of  problems  to  con- 
'^^  I  sider  in  the  design  of  that  part  of  the  illumination  concerned 

with  the  utilitarian  purpose  to  which  the  interior  is  put.  It  is 
unfortunate  that  the  limitations  of  architecture,  and  perhaps 
also  the  limited  ability  of  architects,  coincident  with  the  limited 
ability  of  engineers,  makes  it  impossible  for  the  design  of  inte- 
riors, practically  as  well  as  theoretically,  always  to  be  suited  pre- 
cisely to  their  purpose  as  human  convem'ences.  If  we  have  the 
money  to  spend  we  are  prone  to  demand  that  our  houses  as  well 
as  our  working  places  be  merely  beautiful  in  themselves,  and,  as 
an  example,  we  find  ourselves  frequently  called  upon  to  cope 
vrith  a  problem  in  illumination  where  the  light  that  will  serve  to 
set  off  the  beauties  of  the  design  is  totally  inadequate  as  a  means 
of  enabling  us  to  use  the  structure  properly. 

Rarely,  and  generally  by  accident,  the  two  requirements  may 
be  made  to  coincide.  Sometimes  the  illumination  designed  for 
one  purpose  may  be  used  to  reinforce  or  be  superimposed  upon 
the  other.  Frequently  the  two  must  receive  independent  treat- 
ment and  the  result  be  so  arranged  as  not  to  be  unpleasant. 

The  safest  method  of  attack  is  to  solve  each  problem  separately 
^nd  then  cast  around  for  some  means  of  bringing  them  together. 
From  the  utilitarian  standpoint  we  have  first  to  consider  the 
^ye.     Arrangements  which  produce  strain,  fatigue,  and   other 
injuries  must  be  avoided.     Low  intrinsic  brilliancy  of  exposed 
light  sources  and  shading  of  sources  possessing  high  intrinsic 
brilliancy  are  imperative.     The  equipment  must  be  so  designed 
that  images  of  the  otherwise  well-shielded  light  source  may  not 
be  reflected  to  the  eye  from  surroimding  surfaces  of  objects.    The 
portions  of  the  mechanism  for  vision — the  iris,  the  eye-brow — 
must  be  able  to  perform  their  functions  normally.     The  maxi- 
mum intensity  of  light  must  be  concentrated  upon  the  work  and 
by  variations  in  intensity  between  the  light  on  work  and  on  sur- 
rounding objects  the  muscles  of  adjustment  must  be  given  oppor- 
tunity for  exercise.     Nothing  in  lighting  can  be  more  unfortu- 
nate than  an  equal  distribution  of  intensity  throughout,  as  then 
the  muscles  that  adjust  the  iris  are  kept  in  a  fixed  position  and  we 
should  find  ounsclvcs  much  in  the  same  condition  of  fatigue  as 
though  we  were  compelled  to  hold  one  ami  out  straight  for  a  con- 
siderable period  of  time. 
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It  is  better  that  the  change  in  intensity  from  the  work  to 
surrounding  objects  be  downward  rather  than  upward  as  under 
such  conditions  the  eye  is  given  frequent  rests.  In  libraries  and 
reading  rooms  it  is  well  if  this  change  be  relatively  great,  but  not 
so  great  that  the  iris,  once  having  opened  wide,  is  not  given  a 
chance  to  readjust  itself  within  reasonable  limits  when  the  eye 
is  once  more  turned  toward  brightly  lighted  areas.  In  general, 
variations  in  intensity  throughout  an  interior  automatically 
produce  normal  exercises  of  the  optic  muscles.  Further,  the 
reflecting  devices  used  to  concentrate  illumination  upon  the 
work  must  be  so  disposed  and  designed  that  light  rays  directly 
reflected  from  the  work  will  not  strike  the  eye. 

The  color  of  the  light  may  have  a  very  marked  effect  upon  the 
ease  and  comfort  with  which  work  can  be  done.  The  value  of 
the  intensity  certainly  does  have  such  an  effect  and  must  be 
carefully  determined  in  each  case  by  experiment  and  test. 

These  and  numerous  other  similar  problems  must  be  studied 
and  solved  before  we  are  even  prepared  to  calculate  the  total 
quantity  of  light  flux  reqtiired  and  so  determine  the  amount  and 
distribution  of  energy  to  be  used. 

It  can  readily  be  seen  that  in  many  cases  of  interior  illumina- 
tion the  sum  total  effect  of  the  variables  which  have  to  be  inde- 
pendently determined  for  each  instance,  usually  by  trial,  may 
greatly  exceed  in  amotuit  the  sum  total  effect  of  the  constants 
that,  with  reasonable  accuracy,  can  be  predetennined.  In  this 
lies  the  principal  difiiculty  in  the  way  of  the  development  of  the 
art  along  any  exact  lines.  Another  difficulty  is  the  lack  of  defi- 
nite information  so  generally  evident  in  the  early  stages  of  all 
progress. 

Complete  and  useful  values  of  reflection  and  diffusion  coeffi- 
cient from  various  surfaces  variously  colored,  and  subjected  to 
various  arrangements  and  color  of  light;  data  as  to  the  spectral 
composition  of  the  light  from  standard  illuminants;  sensitiveness 
curves  for  color  in  the  light  of  illuminants;  exact  data  on  color 
changes  and  contrast  effects;  studies  of  pigments;  spectral  com- 
position and  measurements  of  the  light  obtained  from  various 
illuminants  transmitted  through  color  screens;  all  of  these  and 
many  more  lines  of  inquiry  must  be  followed  out  before  any 
great  exactness  can  be  introduced  into  the  solution  of  such 
lighting  problems  as  we  are  considering. 

There  are  needed  also  the  results  of  careful  and  authoritative 
research  into  the  subject  of  what  has  been  called  **  visual  acuity;" 
that  is,  the  effect  of  various  light  arrangements  upon  the  ability 
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to  discern  various  kinds  of  objects  with  distinctness;  this  among 
other  problems  in  physiological  optics  where  many  needed  data 
are  lacking. 

The  principal  difficulty  encountered  in  the  attempt  to  give 
any  fixed  form  to  such  data,  is  that  the  subjective  elements, 
whose  total  effect  is  termed  **  the  personal  equation,"  are 
prominent  factors  in  all  judgments  having  to  do  with  the 
measurement  of  the  sensations  of  color  and  light.  Such  ex- 
periments are  in  reality  attempts  to  measure  and  compare 
subjective  activities  themselves  and  thus,  since  the  work  ap- 
proaches closely  to  the  business  of  psychology,  the  method  of 
inquiry  must  be  largely  the  method  of  psychology. 

Assuming  now,  that  in  any  particular  case,  the  engineer  has 
attacked  and  solved  the  preliminary  problems  above  briefly 
outlined.  He  is  then  in  a  position*  to  determine  with  a  greater 
or  less  degree  of  accuracy  the  total  light  flux  required.  It  may  be 
taken  for  granted  that  he  has  carefully  studied  the  use  to  which 
the  interior  is  to  be  put,  has  mapped  out  the  working  areas  and 
has  determined  the  average  intensity  and  direction  of  flux  over 
these  areas.  He  has,  we  shall  presume,  obtained  from  the  archi- 
tect information  as  to  the  general  design,  its  character,  detail, 
and  color.  He  has  probably  prepared  several  schemes  of  illum- 
ination, the  accomplishing  of  which  has  seemed  practical,  and 
these  he  has  discussed  with  the  architect  until  he  has,  at  least, 
grasped  the  ideal  embodied  in  the  design.  His  imagination  has 
enabled  him  to  see  the  interior  as  the  architect  has  seen  it  in  his 
mind's  eye,  and  so  it  must  appear  to  the  beholder  when  com- 
pleted. The  engineer  is  now  in  a  fair  way  to  achieve  some 
measure  of  success. 

The  architect's  details  and,  if  possible,  plaster  models,  having 
been  studied  by  the  engineer  for  shadow,  the  general  direction 
of  the  light  at  various  points  required  to  lend  visibility  to  the 
design  may  be  determined. 

The  relative  value  of  directed  and  diffuse  light  can  be  settled 
by  noting  the  style  of  design,  the  relation  of  coarse  to  the  fine 
relief,  and  the  character  of  the  detail  within  the  shadows.  The 
color  of  the  light  will  be  decided  by  a  study  of  the  color  scheme 
the  architect  will  employ. 

Thus  having  established  the  intensity  and  direction  of  the 
light  at  various  points,  or  over  the  various  areas,  of  the  design, 
the  location  of  the  light  sources,  primary  or  secondary,  can  be  de- 
termined. Of  coxu^e,  in  nearly  eyery  case,  only  an  approximate 
realization  of  such  ideal  conditions  can  be  achieved. 
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The  location  of  the  light  sources  thus  having  been  fixed,  the 
amount  of  flux  to  be  generated,  allowing  for  the  character  of 
the  equipment  imposed  by  the  design,  can  be  calculated  with 
reasonable  exactness. 

For  this  part  of  the  work  three  general  methods  are  available, 
all  of  which  are  useful.     These  are,  in  order  of  development, 

1.  Point-by-point  method. 

2.  Flux  method. 

3.  Absorption  method. 

We  shall  devote  a  few  words  to  each  of  them. 

The  point'by-poini  method  employs  the  ideas  of  intensity  and 
its  direction.  It  attacks  the  problem  in  precisely  the  same  way 
that  is  employed  in  calculations  for  intensity  or  potential  gra- 
dient in  the  electric  or  magnetic  field.  The  formulas  employed 
in  the  two  problems  are,  in  general,  identical  in  form. 

Given  a  light  source  having  a  certain  radial  distribution  of 
intensity,  it  is  generally  possible  to  calculate  the  intensity  in  any 
direction  at  any  point  in  the  light  field.  The  method  is  often 
tedious  but,  particularly  where  shadows  or  glare  by  reflection  is 
concerned,  serves  as  an  excellent  check  on  the  two  remaining 
methods.  Geometrical  or  graphical  solutions  as  substitutes  for 
analjrtical  solutions  are  frequently  simpler  and  equally  useful. 

Where  surface  sources  such  as  skylights  of  considerable  area, 
or  wall  surfaces  considered  as  secondary  sources ^are  concerned, 
the  point  by  point  method  is  generally  useful  in  spite  of  compli- 
cations. 

The  point-by-point  method  bears  much  the  same  relation  to 
the  flux  method  that  calculations  for  intensity  bear  to  calcula- 
tions for  flux  density  in  the  magnetic  field. 

In  the  flux  method  we  either  assume  an  average  flux  density 
over  a  given  area  to  be  lighted  or  find  the  average  of  the  intensities 
at  a  number  of  points  on  the  area,  the  intensity  at  any  point  being 
determined  by  the  conditions  of  the  problem  or,  with  a  given 
illuminant,  calculated  by  the  point-by-point  method.  The  sum 
of  the  flux  values  calculated  in  this  way  over  all  the  enclosing 
illuminated  surfaces,  allowing  for  absorption,  etc.,  is  the  received 
flux.  A  certain  part  of  it  may  be  set  aside  as  "  useful  flux  "  if 
desired.     Generally  it  is  all  useful. 

The  received  flux  is  also  the  generated  flux  when  we  add  enough 
to  allow  for  loss  by  reflectors,  glassware,  shades,  etc.  If  we 
divide  the  generated  flux  by  the  flux  generated  per  lamp  in  the 
type  and  size  of  lamp  we  desire  to  employ,  we  obtain  directly 
the  number  of  lamps  required/ 
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On  the  other  hand,  in  using  the  absorption  method ^  we  go  upon 
the  more  logical  and  exact  idea  that  the  flux  generated  need  only 
be  that  lost  by  absorption  over  the  various  enclosing  surfaces 
lighted.  Thus  if  we  desire  to  light  a  surface  to  a  given  average 
flux  density,  we  can  apply  to  this  average  flux  density  the  ab- 
sorption coefiicient  for  the  surface,  and  count  the  result  as  the 
flux  which  must  be  generated  in  order  to  light  properly  the  area 
in  question.     The  results  obtained  by  both  **  flux  method  **  and 
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Fig.  2 — Outline  Plan  of  Bankinc;  Room. 


**  absorption  method  "  are  of  necessity  identical  when  properly 
applied. 

In  order  now,  to  give  a  concrete  illustration  of  the  applica- 
tion of  these  principles  and  methods  I  shall  ask  you  to  review 
briefly  the  studies  and  calculations  carried  out  in  the  design  of 
the  lighting  equipment  of  a  banking  room  in  New  York. 

A  general  view  of  the  room  is  shown  in  Fig.  1.  Its  plan  is 
shown  in  Fig.  2.  A  view  of  the  room  taken  at  night  by  its  own 
artificial  illumination  is  shown  in  Fig.  3. 
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The  room  has  an  open  central  space  and  smaller  bays  on  the 
four  sides.  .  A  mezzanine  is  run  along  the  north  and  west  sides. 
The  main  ceiling  height  from  the  main  floor  level  is  30  ft.  The 
ceiling  height  below  the  mezzanine  is  17  ft.,  and  above,  11  ft. 
The  floor  area  is  variously  divided  into  cages,  conference 
rooms  and  offices,  by  wire  mesh  screens,  marble  partitions  and 
wood  and  glass  partitions  7  ft.  6  in.  high.  The  main  banking 
screen  setting  off  the  public  space  is  of  solid  marble  to  the 
counter,  and  glass  with  marble  coltmins  and  cornice  above. 

The  walls,  columns  and  column  caps  of  the  main  room  are  of 
marble.  This  marble  has  a  light  reddish  buff  color — highly 
polished  Pavanella  clair  marble.  The  ceilings  are  of  plaster. 
The  ceiling  of  the  central  space  is  nearly  flat  with  low  relief 
ornament.  The  ceiling  of  each  outer  bay  is  divided  by  beams 
and  soffits  into  four  coffers  in  each  of  which  is  a  plaster  rosette. 
The  ceilings  under  the  mezzanines  are  flat.  The  color  of  the 
ceilings  is  generally  a  light  reddish  gray  buff,  the  ornament 
and  mouldings  being  picked  out  in  unsaturated  tints  of  red,  blue 
and  yellow. 

The  general  character  of  the  architectural  treatment  is  a 
refined  classic  based  on  the  Ionic  order.  Delicate  and  beautiful 
mouldings  and  leaf  ornament  are  used  to  set  off  the  structural 
lines  and  proportions.  A  refined  simplicity  is  the  kejmote  of 
the  design. 

It  will  at  once  be  seen  from  the  illustrations  that  the  large 
open  central  space  gives  the  room,  otherwise  relatively  restricted 
in  area,  an  appearance  of  spaciousness.  Therefore,  it  would 
not  be  proper  to  introduce  hanging  fixtures  in  this  space.  In- 
deed even  if  such  fixtures  might  be  used,  the  design  of  this  part 
of  the  ceiling  could  not  be  made  suitable  to  receive  them  with- 
out distinctly  marring  the  effect  On  the  other  hand  the  outer 
bays  seem  to  require  some  such  fiunishing  if  only  to  carry  the 
line  of  the  facia  of  the  mezzanine  floor.  The  crossing  beams  in 
the  bay  ceilings  furnished  a  sufficient  apparent  structural  support. 

It  so  happened  that  the  main  banking  screen  was  admirably 
suited  in  its  position  to  receive  such  lighting  devices  as  were 
required  to  light  the  central  space,  but  since  any  effect  of  rows 
of  illuminants  would  have  been  objectionable  as  lending  too 
great  a  prominence  to  this  feature  of  the  design  it  was  decided 
to  employ  indirect  illumination,  concealing  trough  reflectors 
in  the  cornice  and  leaving  it  to  the  fixtures  in  the  outer  bays  to 
form  the  ostensible  sources  of  light.    For  the  lack  of  any  such 
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visible  source  is  generally  puzzling  and  productive  of  unfortunate 
psychological  effects. 

The  location  of  the  light  sources  so  detemiined  made  it  theo- 
retically possible  to  produce  good  shadow  effects.  By  proi)er 
handling  of  the  side  bay  fixtures  the  deep  ceiling  coffers  could  be 
thrown  into  comparative  shade  and  the  ornament  accented  by 
so  coloring  the  light  thrown  to  the  ceiling  that  the  tinting  in  the 
coffer  bottoms  would  be  deepened,  leaving  the  rosette,  soffits  and 
colored  mouldings  in  high  light. 

By  confining  the  light  thrown  upward  from  the  reflector  in 
the  top  of  the  banking  screen  within  the  square  defined  by  the 
beams  framing  the  open  central  ceiling  space,  as  shown  in  Fig.  4, 
and  by  proper  adjustment  of  the  light  near  the  sides  of  this  space 
after  the  reflectors  were  installed,  it  would  seem  possible  to  pre- 
vent any  reversal  of  shadow  on  the  column  caps  and  architrave 
mouldings.  The  colors  of  the  ceilings  could  be  interestingly 
accented  by  the  use  of  color  screens  in  these  reflectors. 

So  much  for  the  upper  planes  of  the  room.  But  the  bottom 
of  a  room  is  the  floor,  and  the  final  adjustments  must  be  such 
that  the  principal  variation  in  intensity  is  inverse  with  regard 
to  the  height — not  directly  so,  but  in  some  multiple  thereof 
that  will  produce  the  most  sxiitable  gradation.  Thus,  if  if  be  the 
intensity  near  the  floor  and  h  the  height,  we  may  express  this 
effect  by  writing 

*      '^  h 

where  *  is  the  intensity  or  flux  density  of  illumination  at  the  dis- 
tance h  above  the  floor.  The  value  of  k  is  always  such  that  i 
diminishes  as  h  increases.  In  the  room  in  question  k  should  have 
a  value  of  approximately  2,  for,  by  experiment,  this  gradation 
seemed  to  produce  the  most  satisfactory  results. 

We  have  a  difficulty  here,  for,  having  selected  an  indirect 
system  in  general,  our  gradation  is  reversed.  We  can  somewhat 
overcome  this  by  so  arranging  our  side  bay  fixtures  that  they 
wiU  throw  a  large  volume  of  light  downward  in  a  broad  distri- 
bution. As  we  have  said  before  they  must  also  throw  light 
upward.  But  now  we  meet  two  requirements  that  are  dominant. 
First,  the  fixtiu^es  must  be  of  the  style  and  proportion  suited  to 
their  location.  Second,  their  intrinsic  brilliancy  must  be  low. 
The  first  requirement  determines  their  size,  the  second  require- 
ment taken  in  conjtmction  with  the  first  determines  the  total 
light  flux  tiiese  fixtures  can  properly  produce. 
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The  design — a  semi -indirect  type  with  interior  mirror  reflectors 
and  top  of  clear  amber  diffusing  glass — is  shown  in  Fig.  4.  Each 
of  the  large  fixtures  contains  a  single  250-watt  clear  bulb  tungsten 
lamp.  The  smaller  fixtures  of  the  same  design  on  the  mezzanine 
contain  a  150-watt  lamp.  The  energy  of  efficiency  of  these 
fixtures  as  light  generators  is  comparatively  low  on  account 
of  the  necessary  equipment  for  color  and  diffusion.  Their  *'  effec- 
tiveness" is,  we  believe,  one  hundred  per  cent. 

The  net  result  of  the  use  of  these  fixtures  is  perfect  so  far  as 
the  outer  bays  are  concerned,  but  our  gradation  in  the  central 
space  is  still  reversed.  This  we  correct  as  follows:  First  by  a 
gradation  in  color  as  we  go  up — from  a  whitish  yellow  through 
yellow  to  a  warm  orange  like  the  light  from  a  wood  fire  of  glowing 
coals;  second  by  low  general  intensities,  and,  third,  by  establish- 
ing a  graded  belt  of  more  brilliant  illumination  in  the  public 
space.  This  last  we  can,  fortunately  accomplish  by  means  of 
a  trough  reflector  set  in  the  bottom  of  the  screen  cornice  as 
shown  in  Fig.  4.  This  device  serves  two  purposes.  First,  to 
throw  light  through  the  screen  into  the  public  space,  and  second, 
to  furnish  proper  illumination  on  the  screen  counters  as  well  as 
to  light  up  the  faces  of  the  people  outside  the  wickets.  In  addi- 
tion to  the  light  from  this  source  there  will  also  be  some  increase 
in  the  illumination  of  the  lower  planes  in  the  room  by  light  re- 
flected from  the  working  areas. 

These,  in  brief,  are  the  principal  factors  that  determine  the 
character  of  the  equipment  for  general  illumination  so  far  as 
the  design  of  the  room  is  concerned.  We  now  have  to  take  up 
the  illumination  of  the  working  areas  themselves. 

Our  first  consideration  is  that  the  scheme  for  general  illumina- 
tion can  not  be  made  adequate  for  working  purposes.  If  the 
flux  density  were  merely  increased  retaining  its  distribution 
not  only  would  the  architectural  effect  be  weakened  but  the 
room  would  be  uncomfortably  brilliant.  Besides  a  large 
amotmt  of  energy  would  be  wasted. 

The  working  areas  constitute  the  surfaces  of  the  various 
tables,  desks  and  counters,  and  it  is  here  and  here  only  that  any 
great  flux  density  is  needed.  The  total  working  area  on  the 
main  floor  is  about  950  sq.  ft.  The  total  main  floor  area  being 
approximately  7650  sq.  ft.,  it  at  once  appears  how  wasteful  it 
would  be  to  light  this  entire  area  to  a  high  intensity  in  order  to 
produce  the  same  intensity  over  one-eighth  of  it. 

Let  us  assume  that  four  foot-candles  are  required  on  the  work- 
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ing  area.  Then  4  X  950  =  3800  lumens  is  the  working  flux 
required.  On  the  other  hand,  4  X  7650  =  30,600  lumens  is 
the  flux  required  when  the  working  illumination  is  obtained  from 
the  general  room  illutninatiou.  We  shall  therefore  go  on  the 
basis  that  each  desk  shall  be  provided  with  its  own  lighting  de- 
vices. 

Apart  from  the  screen  counters,  the  lighting  of  which  has  been 
described  above,  there  arc  six  types  of  desks  and  tables  requiring 
in  all  five  types  of  fixtures.  These  fixtures  can  be  so  designed 
that  an  even  normal  flux  density  of  four  foot-candles  will  be  dis- 
tributed over  the  working  area  and  so  directed  that,  with  the 
eye  in  the  normal  position,  there  can  be  no  direct  reflection  from 
papers  on  the  desk.  There  is  no  essential  difficulty  in  obtaining 
this  result  by  the  use  of  sectional  mirror  reflectors. 


0»--       21 


u.  w 


REFLECTOR  CASTING  BELOW  THIS 


.)>EYE. 


JiO  DIRECT  REFLECTIOM 
ABOVE  THIS  FCmT. 


LEEK  SURFACE. - 


Fig.  5 


The  casings  of  these  reflectors  arc  of  drawn  bronze  given  a 
sand  blasted  oxidized  finish  to  prevent  the  ai)pcarance  of  images 
by  reflection.     They  also  cut  off  all  direct  light  from  the  eye. 

The  contour  of  the  reflectors  is  designed  geometrically  for 
each  type  by  working  back  from  the  illumination  desired  on  the 
desk  surface.  The  principle  of  the  method  may  be  expressed 
analytically  as  follows: 

Divide  the  surface  to  be  lighted.  Fig.  5,  into  strips  parallel  with 
the  light  source.  Let  the  width  of  each  strip  be  such  that  the 
incident  flux  per  unit  length  of  each  strip  is  the  same.  Let  the 
width  of  one  of  these  strips  be  A  C.  From  a  point  £,  safely 
below  the  normal  eye  position,  draw  lines  such  sls  E  B  from  E  to 
the  center  of  each  strip.  These  are  the  limiting  lines  of  direct 
reflection  from  the  desk  surface.     Draw  B  Q  so  that  a  =  /S. 


^ 
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These  lines,  B  Q,  are  the  Hmiting  "  flux  lines  "  from  the  illumin- 
ant.  Let  any  one  of  these  lines  intersect  one  strip  P  R  ot  the 
reflector  at  Q.  Draw  A  P  and  C  R,  and  P  O  and  i?  O  so  that 
the  angles  of  incidents  are  equal  to  the  angles  of  reflection. 
These  lines  meet  at  P,  the  center  of  the  source  assumed  to  be  a 
luminous  line,  perpendicular  to  the  plane  of  the  paper.  Let  the 
angle  POR  =  0.  The  angle  between  A  P  and  C  i^  is  also  equal 
to  d.     Let  0  0  =  r.  0  S  =  </,  and  let  r  +  rf  =  5. 

If  t  is  the  intensity  at  B  along  d  then  the  flux  per  unit  length 
of  source,  and  a  strip,  A  C,  enclosed  within  the  angle  0  is 

iS  =  0si 

Now  if  /  be  the  source  intensity  in  c.p.  then 


where  Ci  is  the  coefficient  of 
reflection  of  the  mirror.  Then 

P  =  0s—Ci  -^  01  cu 
s 


and 


'-Ar- 


from  which,  and  the  structural  conditions  the  reflector  contour 
may  be  plotted. 

A  view  of  one  desk  lighted  is  shown  in  Fig.  6. 

The  calculations  for  the  semi -indirect  units  and  the  indirect 
reflectors  are  based  upon  the  same  reasoning.  It  is  important, 
however,  to  determine  the  angle  at  which  the  reflector  in  the 
semi -indirect  unit  be  set. 

In  Fig.  7,  let  A  B  he  the  lamp  filament.  Let  P  i^  be  a  section 
of  the  reflector.  Let  b  be  the  distance  along  the  ceiling  from 
the  axis  of  the  fixtiu'e  to  the  point  B  at  which  it  is  desired  to 
reinforce  the  flux  density.  It  is  required  to  find  a,  h  being 
given. 

Then 

b  + 


1  rir 


tan" 


■(^)-] 


depending  upon  whether  the  center  of  the  filament  is  above  or 
below  A.     With  a  given  of  course  h  can  be  found. 

Now  let  it  be  assumed,  that  on  the  central  ceiling  space  of  the 
room  fabove  discussed,  we  require  an  average  apparent  normal 
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intensity  of  reflected  light  of  one  candle.  The  stirface  being  a 
reasonably  good  diffuser,  the  reflected  flux  per  square  foot  is  ap- 
proximately I.Ot  =  4.7  lumens. 

The  ceiling  area  being  1976  sq.  ft.,  the  total  reflected  flux  is 
1976  X  3.1  =  6125  Itimens.  Let  us  take  0.45  as  the  average 
absorption  coefficient.  The  total  flux  absorbed  is  then  11136 
—  6125  =  5011  Itmiens.  Assuming  30  per  cent  average  ab- 
sorption in  our  color  screens  (seen  in  Fig.  1)  and  loss  in  reflector 
we  have  as  our  net  generated  flux  8350  lumens.  This  can  be 
generated  by  44  25-watt  lamps.  Actually,  and  after  trial,  36 
were  used. 

The  reflectors,  however,  were  made  considerably  longer  than 
the  calculations  indicated  so  that  the  necessary  adjustment  for 
shadows  and  color  could  be  made.  Finally  about  half  ruby  and 
half  light  amber  screens  were  used,  the  ruby  being  central. 
It  is  perhaps,  needless  to  say  that  the  reflectors  were  so  designed 
as  to  prevent  any  appearance  of  glare  or  sight  of  the  lamps  from 
the  mezzanine  floor. 

A  ciu^e  of  normal  intensities  due  to  the  illiunination  on  the 
ceiling  on  a  plane  30  in.  above  the  floor  is  shown  in  Fig.  4.  These 
intensities  are  calculated  by  the  point  by  point  method,  using  a 
formula  given  by  the  writer  in  a  paper  '*  On  Finite  Line  and  Sur- 
face Light  Sources.'** 

Let  us  now  consider  for  a  moment  the  method  of  obtaining  the 
total  generated  flux  required.  This  can  be  simply  shown  by 
the  following  table. 


Surface 

Area  i 

Average  incident 

Absorption 

DiflFusion 

Required  flux 

sq.  ft. 

flux  density 

coefficient 

coefficient 

lumens 

Central 

1 

ceiling 

1076  ' 

3.0 

0.45 

1.00 

5011 

Side  bay 

i 

1 

ceilings 

2900 

2.0 

0.40 

1.25 

2320 

Soffits 

184 

2.0 

0.40 

1.26 

147 

Mes.  ceiling 

1876 

2.0 

0.50 

1.00 

1875 

Upper  half 

walls 

5368 

1.7 

0.30 

1.45 

2689 

Lower  half  : 

walls 

5368 

1.7 

0.30 

1.45 

2679 

Upper  half 

1 

columns 

1055 

2.5 

0.30 

1.46 

738 

Lower  half 

columns 

1055 

2.0 

0.30 

1.45 

633 

Floors 

8333 

1 

2.0 

!           0.75 

1.25 

2083 

Total  reauir*^  flus. 

18,175 

*  Transactions  I.  E.  S.,  Vol.  V,  p.  298. 
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The  calculations  for  the  above  are  as  follows.  Let  i  be  the 
required  apparent  normal  intensity  of  reflected  light  per  square 
foot  of  surface.  If  the  surface  shows  perfect  reflection  as 
from  a  mirror  then  the  intensity  of  the  reflected  beam  in 
the  direction  of  the  anRle  of  reflection  equals  the  intensity 
of  the  incident  beam  in  the  direction  of  the  angle  of  incidence. 
The  received  and  reflected  flux  will,  of  course,  be  the  same. 
So,  if  ir  is  the  intensity  of  the  reflected  beam,  and  u  is  the  inten- 
sity of  the  incident  beam,  ir  =  i,-.  The  normal  intensity  in  this 
case  is  ir  cos  6  where  d  is  the  angle  between  the  normal  and  the 
direction  of  iV.  On  the  other  hand,  when  the  surface  shows  per- 
fect diffusion,  the  maximum  intensity  of  reflected  light  is  along 
the  normal.  In  any  other  direction  it  is  i  cos  B,  where  t  is  the 
normal  intensity  and  B  the  angle  between  the  normal  and  the 
direction   in  which  the  intensity  is  measured.     The  polar  or 


Fig.  S 

intensity  curve  of  such  a  surface  bounded  by  a  circle  is  itself  a 
circle  whose  diameter  is  the  normal  intensity  and  which  is  tangent 
to  the  surface  at  its  center.  The  polar  surface  is  therefore  a 
spheie,  and  the  reflected  flux  through  a  hemisphere  bounded  by 
the  surface  is    T  t  lumens. 

We  may  have  every  variety  of  diffusion  between  these  two 
extremes. 

If  then,  as  in  Fig.  8,  where  OABis  the  polar  curve  of  reflected 
intensities,  we  measure  the  normal  intensity  as  i.  n  i  will  not  give 
us  the  actual  reflected  flux,  due  to  the  high  component  of  direct 
reflection.  To  obtain  it  we  must  multiply  Tci  by  some  con- 
stant which  we  shall  call  the  diffusion  coefficient.  For  the 
same  surface,  this  coefficient  will  be  different  for  different 
arrangements  of  incident  light.  For  a  surface  carefully  painted 
with  a  non-lead  priming  body  and  a  non-lead  finish  finely  stippled 


1292  JONES:  INTERIOR  ILLUMINATION  [June  26 

we  may  take  the  diffusion  coefficient  to  be  1.00  and  practically 
independent  of  the  arrangement  of  incident  light. 

Now  let  Cd  be  this  coefficient.  We  may  then  write  for  /8r, 
the  reflected  flux 

jSf  =  ir  i  Q 

If  Ca  be  the  absorption  coefficient,  that  is,  the  fraction  of  the 
incident  flux  absorbed  by  the  surface,  then  the  incident  flux 
must  be  given  by 

(1  —  Co)  Pi  =  TT  i  Cd 

In  the  case  of  any  closed  surface  receiving  a  flux  of  energy 
from  sources  within  the  surface  the  only  loss  of  energy  is 
that  absorbed  by  or  transmitted  through  the  surface.  Hence 
to  maintain  a  given  quantity  of  energy  within  the  stirface  the 
enclosed  sources  must  constantly  supply  the  losses. 

We  may  then  write  for  the  total  flux  to  be  generated  by  the 
light  sources  in  any  given  enclosure 


3-2* 


The  total  required  flux  given  in  the  above  table  must  be  further 
increased  by  the  losses  in  the  fixtures  and  equipment  to  find 
the  total  flux  generated  at  the  lamps. 
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Discussion  on  "  Industrial  Illumination  and  the  Average 
Perpormance  of  Lighting  Systems  "  (Clewell),  and 
**  The  Problems  of  Interior  Illumination '*  (Jones), 
Boston,  Mass.,  June  26,  1912. 

D.  McFarlan  Moore :  Mr.  Jones  has  given  us  a  demonstration 
which  proves  the  fallacy  of  attempting  to  illimiinate  any  interior 
without  giving  very  careful  attention  to  the  matter  of  shadows. 
The  problems  of  interior  illumination  are  generally  duplex,  that 
is,  attention  must  be  given  to  daytime  illtmiination  and  night 
time  illtmiination.  There  are  some  instances,  however,  when 
it  is  not  desired  to  produce  at  night  time  the  same  effect  as  in 
daytime. 

However,  our  object,  generally,  is  to  attain  the  ideal,  and  the 
more  diffused  the  light,  the  more  nearly  will  it  approach  day- 
light conditions.  In  most  apartments  it  is  impossible  to  arrange 
for  the  entrance  of  daylight  from  above,  and  we  are  compelled, 
perforce,  to  use  windows,  and  therefore  shadows  naturally 
result.  We  have  just  had  a  demonstration  that  proves  that 
shadows  have  their  uses  and  if  they  are  eliminated  entirely,  the 
result  is  not  usually  desirable  to  the  architect.  But  the 
happy  mean  is  right  as  regards  shadows,  as  well  as  everything 
else  in  this  world. 

Mr.  Jones  has  also  put  us  all  through  some  rapid-fire  visual 
gymnastics  with  color.  Our  final  commercial  object  should  be 
to  devise  the  apparatus  of  our  artificial  lighting  soiu'ces  so  that 
these  valuable  color  effects  can  be  produced  with  the  greatest 
e<*«!>c 

The  ideal  method  is  not  by  means  of  colored  glasses.  A  more 
scientific  procedure  is  to  vary,  directly,  the  color  of  the  light 
source,  which  can  best  be  accomplished  by  substituting,  for  our 
heated  solid  conductors,  various  colored  gaseous  conductors. 

Preston  S.  Millar:  It  is  very  difficult  to  discuss  a  demon- 
stration, particularly  when  it  is  a  good  one.  One  can  do  little 
more  than  compliment  the  demonstrator  and  hope  that  some 
time  he  may  have  an  opportimity  to  see  it  again. 

It  seems  to  me  that  Mr.  Jones's  paper  sets  before  this  joint 
meeting  of  electrical  and  illuminating  engineers  the  field  of 
illuminating  engineering  in  an  excellent  manner.  It  discusses  the 
principles  of  illimfiinating  engineering  and  then  illustrates  their 
application  in  a  notable  installation. 

Prominent  in  that  discussion  is  the  comment  upon  the  question 
of  eflScacy  of  lighting,  the  achievement  of  certain  desirable 
lighting  effects,  and  efficiency;  and  Mr.  Jones  points  out  that 
the  proper  lighting  effects  must  be  secured  efficiently,  if  possible, 
but  must  be  secured  inefficiently  if  necessary.  This  indicates 
the  importance  of  the  scientific  study  of  these  problems  and  the 
importance  of  securing  the  effects  efficiently. 

It  has  been  demonstrated  that  if  an  illumination  installation 
provides  lighting  which  is  at  once  properly  diffused,  properly 
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directed,  and  of  a  proper  color  value  or  intensity,  that  lighting 
system  becomes  expensive,  perhaps  two  or  three  times  more 
expensive,  in  both  equipment  and  operation,  than  it  would  be 
if  it  merely  lighted  the  place,  but  not  properly,  from  these 
various  standpoints.  The  question  of  efficiency,  therefore,  is 
of  even  greater  importance  when  lighting  is  undertaken  in  this 
highly  desirable  manner.  But  it  is  so  easy  to  lose  a  very  large 
percentage  of  possible  obtainable  efficiency  by  ignoring  the 
optical  laws  or  selection  of  the  proper  illuminant,  etc.,  and  I 
have  had  an  instance  only  recently  brought  to  my  attention  in 
which  the  proper  lighting  effect  was  obtained,  but  most  ineffi- 
ciently, because  the  optical  laws  involved  and  the  characteristics 
of  the  illuminant  were  ignored. 

I  know  that  Mr.  Jones  has  made  a  considerable  study  of  these 
matters,  and  it  seems  to  me  if  he  had  laid  a  little  more  stress 
upon  the  cost  of  the  experimentation  which  he  has  gone  through 
in  order  to  secure  the  effect  he  has  obtained  he  would  have 
placed  the  general  illumination  problem  before  us  a  little  more 
broadly. 

Charles  F.  Scott:  With  reference  to  Mr.  Clewell's  paper,  I 
happened  to  be  associated  with  Mr.  Clewell  in  the  general  work 
on  which  this  paper  is  based.  It  was  in  connection  with  the 
lighting  of  a  large  factory.  Some  improvements  were  to  be  made. 
Although  a  number  of  us  who  constituted  the  lighting  committee 
were  reputed  to  know  something  about  the  subject,  electrically, 
and  from  the  standpoint  of  illumination,  we  immediately  called 
for  experts  associated  with  different  companies  in  the  illiunina- 
ting  business,  to  come  and  tell  us  what  we  ought  to  do.  One 
of  the  surprises  which  came  to  us  in  connection  with  this  call 
for  expert  opinion  was  when  we  found  that  these  engineers 
could  not  look  at  a  room  and  tell  us,  ''  You  want  to  put  in  so 
many  lamps  of  such  a  size,  and  such  a  kind  of  reflector — that  is 
the  thing  to  do.**  The  rooms  were  simple,  and  of  the  same  size 
as  other  rooms  which  had  been  lighted,  the  space  to  be  lighted 
was  no  more  than  is  met  with  in  any  average  case,  but  no,  they 
wanted  to  study  the  conditions,  and  see  what  was  to  be  done,  and 
get  exact  measurements  of  the  room,  etc.,  and  go  home  and 
study  over  the  proposition  for  several  days  before  they  would 
give  an  opinion  as  to  what  was  the  best  thing  to  be  done. 

A  few  months  later,  in  lighting  one  of  the  offices  in  this  same 
factory,  an  office  some  20  ft.  (6.1  m.)  square,  we  had  first 
the  single  light  in  the  center  of  the  room,  and  then  a  number  of 
individual  lights  over  the  desks,  but  we  took  out  the  single  light 
in  the  center  and  put  in  a  cluster  of  four  lights,  and  that  made  a 
vast  improvement  over  the  illumination  given  by  the  single  light. 
We  thought  that  did  not  go  far  enough,  and  put  up  some  smaller 
lamps,  three  rows  of  three  lights  each,  all  the  lamps  to  be  lighted 
at  once,  and  had  them  burning  several  days,  and  tried  to  see 
which  light  was  best,  so  that  we  could  get  along  without  the 
individual  carbon  lamps,  etc.     The  assistant  to  the  president 
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came  round  one  day  and  said,  "  We  want  to  get  this  place 
lighted,  and  if  your  committee  will  stop  this  foolish  experiment- 
ing you  may  accomplish  something.  You  look  as  if  ^ou  did  not 
know  what  to  do.  Ask  the  people  who  are  using  the  lights  what 
to  do,  and  then  go  away  and  leave  it,  and  we  can  go  ahead  and 
light  this  factory." 

That  illustrates  the  type  of  man  who  is  frequently  met  in  the 
work  of  installing  lighting  systems.  People  do  not  understand 
these  things,  and  the  kind  of  analysis  which  Mr.  Clewell  has 
given  shows  in  a  simple  way  how  the  putting  up  of  ordinary 
lights,  with  bell-shaped  reflectors  over  them,  is  not  a  thing  to 
be  done  in  the  abstract,  but  in  the  concrete.  It  is  a  place  where 
theory  and  practise  do  combine,  and  where  different  kinds  of 
practise  may  be  combined  with  theory. 

From  the  demonstration  we  have  seen,  we  all  know  it  is  most 
obvious,  when  it  is  pointed  out,  that  the  shadow  effect  and  color 
effect  depend  on  the  direction  of  light,  intensity  of  light,  the 
color  of  light,  etc.  It  took  a  quarter  of  a  century  for  the  electric 
lamp  to  realize  that  it  was  not  to  replace  the  gas  jet,  but  the 
electric  lamp  did  overcome  the  use  of  the  chandelier.  We  have 
got  rid  of  the  chandelier,  but  still  we  try  to  imitate  the  candles 
which  are  a  thousand  years  old;  we  cannot  seem  to  get  away 
from  the  old  things.  We  must  learn  to  be  illuminating  engineer- 
ing decorators. 

In  reference  to  Mr.  Clewell's  interesting  diagram  showing  the 
spacing  of  the  lamps  and  the  direction  of  the  light,  a  rough 
approximation  to  what  he  has  there  is  to  divide  the  space  above 
the  plane  of  the  table  into  cubes  and  put  a  lamp  at  the  center 
of  each  cube.  The  height  of  the  ceiling  from  the  floor  is  12  ft. 
(3.6  m.),  and  if  the  table  is  4  ft.  (1.2  m.)  high,  then  the  ceiling 
is  8  ft.  (2.4  m.),  above  the  plane  of  the  table,  and  therefore 
the  lamps  should  be  8  ft.  (2.4  m.)  apart,  and  that  is  what  he 
has.  This  rule  does  not  carry  out  fully,  but  is  a  close  approxi- 
mation to  what  Mr.  Cleweirs  diagram  shows. 

Not  long  ago  I  visited  the  office  of  one  of  the  largest  lighting 
companies  in  this  coimtry.  The  engineer  showed  me  about, 
and  incidentally  showed  me  the  lighting  in  some  of  the  offices. 
There  were  two  drafting  offices.  One  had  indirect  lighting  and 
the  other  was  lighted  by  a  wretched  type  of  illumination,  the  bare 
tungsten  lamps  hanging  over  each  desk,  about  18  in.  (46  cm.) 
above  the  desk.  It  was  a  remarkable  illustration  of  faulty  and 
criminal  illumination,  which  it  is  our  purpose  to  do  away  with, 
and  to  educate  the  people  to  a  knowledge  of  its  shortcomings, 
I  said  to  the  chief  draftsman  who  had  charge  of  both  rooms: 
"  I  see  you  have  both  kinds  of  lighting  here — the  indirect 
lighting  and  the  bare  tungsten  lamp.  Suppose  you  had  to  use 
one  room  altogether,  for  the  sake  of  getting  work  out  for  the 
company,  if  it  took  eight  horn's  to  do  a  certain  piece  of  work  in 
this  poorly  lighted  room,  in  how  many  hours  would  you  expect  to 
do  the  work  in  the  other  room?"    He  replied,  "  It  would  probably 
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take  from  an  half  hotir  to  three-qtiarters  of  an  hour  less  to  do 
the  work  in  the  other  room."  In  other  words,  there  was  a  gain 
of  from  one-half  to  three-quarters  of  an  hour  by  having  good  light. 
I  then  asked  him  the  cost  of  the  draftsmen  and  the  cost  of  the 
lighting  to  compare  one  with  the  other,  and  he  said  that  the  diflfer- 
ence  in  the  cost  of  the  lighting  was  equivalent  to  the  cost  of  the 
draftsmen's  services  for  a  period  of  five  minutes  in  each  day,  so 
that  if  the  lighting  had  been  as  good  in  one  room  as  in  the  other, 
there  would  have  been  a  saving  of  from  one-half  to  three 
quarters  of  an  hour  each  day.  We  ought  to  realize,  therefore, 
what  a  great  economy  there  is  in  efficient  lighting. 

A.  E.  Eennelly:  In  pursuance  of  the  idea  which  Professor 
Scott  has  given,  I  would  like  to  draw  attention  to  one  detail  of 
Mr.  Clewell's  paper,  which  is,  by  the  way,  a  plea  for  the  duster, 
and  shows  us  that,  in  illuminating  engineering,  cleanliness  is 
next  to  lim[iinescence.  The  constants  are  worked  out  very  clearly 
as  to  the  money  value  of  cleanliness  and,  of  course,  they  are 
convincing  as  a  matter  of  simple  arithmetic,  from  the  standpoint 
of  producer  and  consumer  combined.  Say  it  costs  one  dollar 
an  hour  to  Ught  a  certain  hall,  if  all  the  light  is  cut  off  by  dirt, 
all  that  dollar  is  wasted,  and  if  half  the  light  is  cut  off  fifty  cents 
an  hotu:  is  wasted.  An  important  point  was  touched  upon  by 
Mr.  Scott — the  value  to  the  consiuner  alone,  as  distinguished 
from  the  combination  of  producer  and  consiuner.  Suppose  the 
lighting  in  a  work  room,  as  compared  with  the  original  illtunina- 
tion  when  the  installation  was  first  made,  is  cut  down  by  dirt 
to  the  extent  of  10  per  cent,  without  making  any  noticeable 
difference  in  the  amoimt  or  quality  of  work  done  in  that  room, 
the  question  arises  whether  the  cost  to  the  consiuner  of  clean- 
liness is  anything  like  the  proportional  value  of  the  lost  light,  as 
long  as  the  depreciation  in  the  illumination  value  of  the  lamps 
does  not  interfere  with  the  work.  The  moment  dirt  begins  to 
interfere  with  the  work,  and  cuts  down  the  voliune  of  the  work, 
so  that  the  consumer  cannot  earn  as  much  as  he  did  before,  his 
production  is  less  in  volume,  and  there  is  manifestly  a  rapid 
rise  in  the  cost  of  the  dirt  from  his  standpoint. 

E.  B.  Rowe:  I  do  not  know  that  I  can  answer  specifically 
the  question  raised  by  Dr.  Kennelly,  but  there  is  one  point  which 
might  be  brought  up  in  connection  with  Mr.  Clewell's  paper, 
which  he  omitted,  perhaps  intentionally,  and  which  I  might 
point  out  in  connection  with  the  poor  conditions  under  which 
the  tests  were  made.  These  tests  did  not  include  any  considera- 
tion of  the  effect  of  depreciation  of  the  walls  and  ceilings,  which 
are  important  factors  in  many  cases.  For  example,  in  certain 
industrial  installations,  in  light  manufacturing  spaces,  it  is 
customary  to  have  light  walls  and  ceilings  which,  by  means  of 
their  diffused  reflection,  increase  materially  the  total  efficiency 
of  the  installation.  The  effect  of  dirt  and  dust  depreciation  of 
walls  and  ceilings  may  therefore  be  considerable.  In  one  series 
of  tests  which  were  made  under  average  city  conditions  this 
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loss  by  decrease  in  reflection  from  ceiling  and  walls,  which  were 
originally  white,  amounted  in  the  course  of  three  months  to 
from  10  to  14  per  cent.  These  figures,  of  course,  are  only  approxi- 
mate and  hold  true  only  for  the  conditions  under  which  the  tests 
were  made. 

C.  E.  Clewell:  In  connection  with  Mr.  Rowe's  suggestion,  I 
may  say  that  practically  all  the  installations  tested  were  sur- 
rounded with  very  dark  walls  and  the  tests  on  the  installation  at 
the  end  of  the  run  showed  the  illumination  to  be  practically  the 
same  as  at  the  start,  so  far  as  the  surroundings  are  concerned. 
It  would  be  very  effective  in  the  case  of  surroundings  of  light  color. 

Charles  F,  Scott:  Referring  to  Dr.  Kennelly's  remarks,  in 
illtmoination  we  have  to  do  some  things  that  are  big  steps.  It 
becomes  a  concrete  rather  than  an  abstract  theoretical  science. 
To  illustrate  what  I  mean,  I  will  refer  to  the  computations  which 
you  make  on  long-distance  transmission  lines.  You  figure  out  the 
resistances  to  three  or  four  distant  places,  and  the  efficiencies  to 
several  points,  and  then  you  take  the  nearest  size  of  wire,  which 
may  take  a  25  per  cent  jump.  So  in  illumination,  in  considering 
a  certain  room  we  may  say,  if  we  can  get  along  with  10  per  cent 
less  light,  what  is  the  need  of  cleaning  lamps?  Or,  we  might  have 
put  on,  in  the  beginning,  10  per  cent  less  of  lamps,  and  got  our 
necessary  illtunination,  that  is,  might  have  secured  a  given 
amount  of  light  from  a  few  clean  lamps,  instead  hi  from  a  greater 
number  of  dirty  lamps.  In  a  large  hall  where  the  lamps  are 
inaccessible,  it  may  be  cheaper  to  let  the  lamps  run  somewhat 
dim  and  have  more  of  them,  than  to  have  a  man  climb  up  to  the 
ceiling  every  week  or  two  and  dust  them  off.  The  particular 
cost  of  the  cleaning  in  the  particular  place,  as  well  as  the  cost  of 
power  and  the  number  of  hours  burning  per  day,  are  all  factors, 
but  to  get  a  given  amount  of  light,  we  can  in  many  cases  put  in 
fewer  lamps  to  begin  with,  and  by  keeping  them  clean  can  secure 
the  maximum  amount  of  illumination  from  those  lamps. 

Clayton  H.  Sharp:  Referring  to  Mr.  Clewell *s  paper,  I 
think  it  contains  a  good  deal  of  matter  of  value,  and  a  consider* 
able  amount  which  is  not  entirely  new.  The  efficiency  values 
which  he  gives,  the  ratio  of  the  lumens  generated  by  the  illumi- 
nant  to  the  illumination  effective  upon  a  certain  plane,  have  been 
worked  out  for  a  good  many  classes  of  installations  before,  but 
it  is  useful  to  have  the  additional  data  on  this  question  which 
Mr.  Clewell  gives  us  in  his  paper,  particularly  since  they  refer  to 
shop  lighting.  The  deterioration  values  for  the  plant  as  a  whole 
have  also  considerable  novelty  and  a  great  deal  of  value.  I 
think,  however,  we  should  very  clearly  bear  in  mind  that  the 
illumination  of  a  shop  is  not  a  question  of  simply  so  and  so  many 
foot-candles  upon  a  certain  uniform  plane,  but  that  the  illumina- 
tion required  is  dependent  to  a  very  large  degree  upon  the 
character  of  the  work  to  be  done,  and  particularly  upon  the 
reflecting  power  of  the  surface  upon  which  the  operator  is  work- 
ing.   The  direction  from  which  the  major  part  of  the  rays  of 
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light  comes,  the  diffusion  of  the  light,  the  proper  ratio  of  direct 
to  general  illumination,  the  protection  of  the  eyes  of  the  operators 
are  also  of  very  great  importance  in  machine  shop  illumination. 
It  follows  that  the  problems  involved  in  shop  lighting  can  be 
solved  only  by  a  careful  study  of  individual  cases  and  of  individ- 
ual machines.  No  wholesale  method,  no  general  solution,  such 
as  producing  three  foot-candles  of  illumination  on  a  plane  30  in. 
(76  cm.)  from  the  floor,  suffices  at  all  as  an  answer  to  the 
questions  involved  in  the  proper  illumination  to  enable  operators 
to  see  and  carry  out  their  work  as  rapidly  and  conveniently, 
and  with  as  little  fatigue,  as  possible.  From  this  point  of  view, 
the  data  which  Mr.  Clewell  gives  in  showing  the  wages  value 
of  the  lighting  of  the  shop,  the  cost  of  lighting  interpreted  in 
wages  value,  are  extremely  interesting.  They  show  how  insig- 
nificant a  factor  the  cost  of  the  lighting  really  is,  and  how  uneco- 
nomical it  is  to  use  anything  less  than  the  most  full  and  most 
effective  illumination.  To  curtail  the  amount  of  light  used  by 
operators  is  the  worst  possible  kind  of  economy.  At  the  same 
time  it  must  be  remembered  that  the  word  of  the  operative  as 
to  the  amount  of  light  he  needs  cannot  be  taken  at  its  full  face 
value.  The  amount  of  light  which  is  really  required  is  something 
which  itself  requires  experimental  study  and  careful  measure- 
ment. The  elimination  of  disturbing  factors,  such  as  glare  and 
specular  reflections,  has  a  very  strong  influence  on  this,  so  that 
the  judgment  of  the  operative  on  the  question  needs  to  be  sup- 
plemented by  that  of  some  one  of  more  experience,  the  judgment 
of  an  illuminating  engineer,  who  can  determine  these  things 
with  more  certainty.  It  is  clear,  therefore,  that  the  purely 
utilitarian  illumination  of  a  workshop  is  not  a  simple  matter  but 
a  complex  one,  requiring  the  exercising  of  the  best  talents  of  the 
illuminating  engineer. 

Mr.  Jones  has  shown  us  how  carefully  the  decorative  effects 
demanded  in  an  entirely  different  class  of  illumination  require  to 
be  studied,  how  the  shadows  and  shades  and  the  colors  of  the 
light  have  to  be  very  carefully  worked  out,  and  that  is  very 
complex  and  requires  experimental  study. 

It  used  to  be  said  that  illuminating  engineering  consisted  in 
using  tungsten  lamps  and  holophane  glassware.  I  think  that 
what  we  have  learned  from  these  papers  and  demonstrations 
shows  that  there  is  a  good  deal  more  than  that  in  the  science  and 
art  of  illtuninating  engineering. 

F.  C.  Caldwell:  There  are  two  points  that  may  be  deduced 
from  these  two  papers.  The  deterioration  in  the  light  due  to  the 
aging  of  the  lamps,  and  especially  to  the  lack  of  cleaalmess, 
ought  to  be  taken  into  account  in  the  original  design  of  the  illum- 
ination. In  many  cases  this  is  overlooked,  and  the  illumination 
is  designed  on  the  basis  of  what  the  lights  will  give  in  their  origi- 
nal condition. 

Another  point,  which  is  very  important  in  some  cases,  is  the 
difference  between  illumination  for  use  during  the  evening  and 
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for  use  during  even  a  short  period  following  daylight.  It 
appears  that  in  many  cases  a  higher  degree  of  illumination  is 
really  needed  for  a  short  period  following  daylight  than  for  the 
whole  evening,  because  the  user  of  the  illumination  compares  it 
with  the  daylight  that  he  has  been  working  with.  The  effect  of 
the  strain,  on  the  eyes  of  a  person  who  uses  the  artificial  illum- 
ination for  only  a  short  time  after  daylight,  may  be  quite  severe, 
owing  to  the  great  change  from  the  use  of  daylight  to  the  use  of 
artificial  light. 

G.  H.  Stickney :  It  is  interesting  to  note  that  these  two  papers 
illustrate  the  scope  of  illuminating  engineering  problems,  as 
well  as  different  typical  methods  of  solution.  Mr.  Jones  has 
treated  problems  of  the  class  in  which  the  dominating  considera- 
tion is  artistic  effect,  while  Mr.  Clewell  has  selected  installations 
where  utility  and  cost  are  the  prevailing  factors.  In  the  first 
case  cost  is  a  secondary  consideration,  while  in  the  latter  the 
esthetic  appearance  is  of  minor  importance. 

Again,  in  treating  the  problems,  Mr.  Jones  has  followed  the 
laboratory  method,  while  Mr.  Clewell  has  adopted  the  practical 
installation  method,  or,  as  a  lawyer  would  say,  the  **  case 
system."  Each  has  its  advantages  and  limitations  and  is  at  its 
best  when  supplemented  by  the  other. 

The  question  of  depreciation  was  mentioned  by  Dr.  Kennelly. 
Depreciation  is  sometimes  divided  into  two  components,  which 
have  been  designated  as  "  inherent  depreciation  '*  and  **  acquired 
depreciation."  **  Inherent  depreciation  "  is  that  due  to  the  peculi- 
arities of  the  lamp  independent  of  its  environment.  It  includes  the 
internal  coating  of  globes,  decreased  activity  of  illuminating  ma- 
terials, etc.  All  types  of  lamps  are  subject  to  inherent  depreciation, 
but  some  types  are  more  affected  than  others.  '^  Acquired  depre- 
ciation "is  that  due  to  the  external  conditions  under  which  the 
lamp  is  operated .  For  example ,  the  accumulation  of  dust  and  the 
darkening  of  ceilings  and  walls.  ''  Acquired  depreciation  "  is 
independent  of  the  type  of  lamp,  though  it  may  be  largely 
dependent  on  the  character  of  the  maintenance.  Proper  cleaning 
will  keep  it  at  a  minimum. 

This  question  of  cleaning  has  been  often  discussed,  but  in 
spite  of  this  it  has  not  received  the  practical  attention  which  it 
deserves.  The  illumination  from  an  ordinary  installation  is 
either  much  poorer  than  it  ought  to  be,  or  more  expensive, 
due  to  lack  of  proper  cleaning.  Mr.  Clewell  shows  how  profitable 
cleaning  is.  Experience  indicates  that,  in  a  large  establishment, 
proper  cleanliness  can  only  be  secured  by  organized  cleaning  at 
regular  intervals. 

Other  points  which  have  been  brought  out  and  which  deserve 
particular  emphasis  are  the  low  cost  of  operating  a  good  lighting 
installation  in  proportion  to  the  value  of  the  illumination. 

It  is  hard  to  understand  why  S(jnie  jjlants  still  cling  to  an 
obsolete  lighting  equipment,  when  a  modern  installation  requires 
but  a  smaJl  investment,  as  compared  to  the  cost  of  a  yearns 
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operation.  Initiative  in  this  direction  is  amply  rewarded  in 
improved  illumination  and  often  even  a  reduced  annual  cost  of 
operation. 

William  J.  Hammer;  I  wish  to  express  my  appreciation  of 
the  practical  value  of  these  two  papers.  One  point  I 
wish  to  bring  up,  which  Mr.  Scott  has  already  referred  to.  It 
is  a  thing  in  regard  to  which  every  electrical  engineer  should 
take  a  firm  stand — that  is,  the  criminality  of  placing  brilliant 
and  bare  incandescent  lamps  in  positions  where  the  eyes  of 
operators  and  workers  will  be  injiu^ed.  I  will  cite  one  instance 
which  recently  came  under  my  personal  observation.  I  recently 
went  into  the  offices  of  one  of  the  leading  scientific  and  engineering 
organizations  in  this  country  and  noticed  the  stenographer 
writing  at  her  typewriting  machine  with  a  powerful  tungsten 
lamp  throwing  light  directly  into  her  eyes,  and  the  light  reflected 
from  the  white  paper  she  was  writing  upon.  I  said,  "  Don't 
you  feel  a  good  deal  of  eye  strain?*'  She  said,  "  Yes,  the  writing 
gets  so  blurred  at  times  that  I  cannot  read  it.''  I  said,  "  You 
have  a  good  deal  of  headache?"  She  answered,  **  I  have  head- 
ache all  the  time."  I  then  remarked,  **  You  have  a  good  deal  of 
dandruff?"  She  said,  **  Yes,  it  bothers  me  a  great  deal."  I 
said,  **  If  that  light  is  not  changed  you  will  lose  your  hair  as 
well  as  your  eyesight."  I  took  a  string  and  tied  the  lamp  back  so 
that  the  light  came  over  her  shoulder  and  was  kept  away  from 
her  face,  and  I  think  it  is  still  hanging  in  the  position  in  which  I 
tied  it,  at  least  it  was  when  I  went  in  there  the  last  time.  A 
good  many  people  who  knew  about  the  bad  effects  of  such  an 
exposure  of  the  eyes  to  a  strong  light  went  into  that  office  and 
saw  that  lamp  hanging  there  before  I  did.  Many  of  us  now  walk 
along  the  street  and  see  powerful  tungsten  and  other  lights 
blinding  the  people  passing  the  store  windows  and  in  the  homes, 
offices  and  shops  the  people  are  not  only  destroying  their  sight 
but  their  hair.  We  should  take  that  matter  up  and  use  our 
influence  in  having  that  corrected  by  the  proper  placing  of 
the  lamps,  and  the  use  of  proper  shades  and  diffusers. 

One  other  thing  occurred  to  me  during  the  discussion,  the 
importance  of  taking  care  of  the  deposits  on  the  reflecting  sur- 
faces, besides  the  surfaces  of  the  mere  shade  itself.  A  prominent 
efficiency  engineer  told  me  that  he  had  succeeded  in  getting  the 
cleaning  of  windows  in  a  factory  down  to  four  motions,  and  hoped 
to  get  it  down  to  three  motions.  We  all  realize,  though  we  do 
not  bother  our  heads  much  about  it,  the  need  of  keeping  windows 
clean  so  as  to  let  in  the  daylight.  If  we  are  efficient  engineers  in 
regard  to  illuminating  problems,  let  us  take  care  of  that  factor 
also,  and  see  that  all  reflecting  surfaces  are  kept  clean  and  in  the 
best  possible  condition.  I  asked  the  same  efficiency  expert  if 
it  was  not  better  at  times  to  replace  the  glass  windows  instead  of 
attempting  to  clean  them.  He  replied  that  this  was  frequently 
the   case. 

E.  A.  Champlin:  Reference  has  been  made  to  lighting  draft- 
ing rooms  and  also  the  manner  of  interior  lighting  through 
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windows  in  the  daytime,  and  I  would  like  to  ask  if  any  particular 
effort  is  made  to  use  the  same  direction  of  illtunination  with 
artificial  illtmiination  as  you  get  through  the  window?  In  the 
drafting  room  the  tables  will  always  be  so  arranged  that  the 
lighting  is  most  effective  and  in  the  proper  direction  for  the  use 
of  a  draftsman  during  the  daytime.  The  window  lighting  will 
give  him  light  so  directed  that  the  shadows  will  not  interfere 
with  his  work,  but  I  have  noticed  in  most  drafting  rooms  that 
the  artificial  lighting  is  not  so  placed,  but  is  often  placed  so 
that  it  directly  reverses  that  condition,  so  that  the  draftsman 
has  to  work  on  the  other  side  of  his  triangle,  and  perhaps  even 
of  his  T  square.  I  wonder  whether  there  is  any  effective  means 
of  duplicating  the  direction  of  lighting  from  the  windows  when 
artificial  lighting  has  to  be  resorted  to.  Of  course,  if  we  do 
not  get  the  direction  right  the  draftsman  will  "  plug  in  "  some- 
where and  use  a  portable  light,  much  to  the  detriment  of  his 
eyes,  as  has  been  pointed  out  by  Mr.  Hammer  in  the  case  of 
the  stenographer. 

C.  E.  Clewell:  Answering  the  question  of  Mr.  Champlin, 
I  may  say  that  very  often  the  artificial  light  can  be  made  to 
exceed  in  its  advantages  the  direction  of  daylight;  that  is 
mainly  brought  about  by  the  use  of  so-called  semi-indirect 
lighting,  which  has  been  used  in  a  great  many  cases  under  my 
own  observation,  and  produces  results  which  really  exceed 
the  advantages  of  daylight.  The  directional  features  in  the  semi- 
indirect  lighting  are  such  that  the  shadows  are  not  reversed  from 
what  they  are  in  the  daylight. 

Dr.  Sharp  called  my  attention  to  the  possibility  that  my  paper 
may  have  given  the  idea  that  the  refinements  or  problems  of 
industrial  lighting  were  very  simple  compared  to  the  decorative 
features  which  had  to  be  considered  in  such  problems  as  have 
been  described  by  Mr.  Jones.    I  did  not  wish  to  give  the  impres- 
sion, by  the  various  items  which  are  set  forth  in  my  paper, 
that  the  problems  in  industrial  work  are  not  complex.     For 
example,  in  one  large  installation  it  was  found  necessary  to  make 
a  study  extending  over  several  months,  in  order  to  get  the  direc- 
tional features  of  the  light  properly  proportioned  and  placed 
with  respect  to  the  individual  class  of  work.    It  was  found,  for 
example,  after  making  a  study  of  the  needs  of  the  installation, 
that  merely  distributing  the  light  imiformly  over  the  work,  with 
a  imiform  capacity  of  the  light,  to  a  certain  point  on  the  average, 
^ould  not  at  all  solve  the  problem  in  this  case,  and  it  was  neces- 
sary to  raise  and  lower  the  lamps,  and  try  different  classes  of 
j^ures  so  as  to  increase  the  light  on  a  vise,  for  example,  and  for 
^^erent  classes  of  very  fine  work. 
-4iiother  interesting  problem  has  been  the  feeling  on  the  part 
^  Tvorkmen  that  individual  lamps  must  be  used  in  connection 
^^tfa    some  classes  of  work.     In  one  installation,  where  three 
^/^i^<att  tungsten  lamps  were  installed  on  the  eighth  floor, 
^  i^    w-hich,  prior  to  the  installation  of  the  new  system,  a 
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good  many  hundreds  of  incandescent  lamps  were  used,  the 
superintendent,  foremen  and  workmen  themselves  said  that 
the  individual  lamp  could  not  be  dispensed  with.  We  requested 
the  foremen  of  the  various  floors  to  permit  us  to  remove  the 
individual  lamps  for  a  period  of  one  month,  during  which  time 
the  workmen  should  try  to  perform  their  duties  by  the  use  of 
the  overhead  light,  with  the  imderstanding  that  if  it  was  not 
satisfactory  we  would  put  back  all  the  individual  lamps  called 
for.  We  removed  something  like  1200  individual  lamps,  and 
after  the  month  was  over  we  were  called  on  to  put  back  merely 
two  or  three  dozen  on  a  floor  space  of  250,000  sq.  ft.  (23,225 
sq.  m.).  This  shows  that  the  notions  of  the  workmen,  or  even 
the  superintendents  themselves,  cannot  always  be  relied  on  in 
the  matter  of  the  light  that  is  required. 

The  idea  that  I  wish  to  emphasize  in  closing  is  that  the  prob- 
lems are  exceedingly  complicated,  even  in  those  cases  which  seem 
most  simple,  for  example,  in  industrial  work,  where  the  matters 
of  reducing  shadow  effects  and  j)roducing  certain  color  effects 
are  most  important,  in  interior  work,  and  you  will  therefore  see 
that  there  are  many  difficult  and  important  problems  in  con- 
nection with  the  proper  lighting  of  industrial  plants. 

Charles F.  Scott:  A  man  in  the  mechanical  engineering  pro- 
fession, Mr.  Hunt,  said  to  me  something  I  want  to  say  to  the 
illuminating  engineers  particularly.  He  had  a  drafting  room  and 
a  factory,  and  had  tried  different  kinds  of  light.  He  said,  "  The 
great  thing  now  is  that  wc  can  lay  out  our  factory  and  drafting 
room  without  reference  to  windows,  considering  only  the  effi- 
ciency of  the  machines  and  the  progress  of  the  work,  and  we  can 
get  our  light  from  artificial  illumination,  which  is  better  than 
daylight." 

M.  Luckiesh  (communicated  after  adjournment) :  In  reply 
to  Mr.  Champlin's  question  I  would  like  to  present  my  experience 
in  attempting  to  imitate  daylight  distribution  in  an  interior  by 
the  use  of  artificial  light.  A  room  with  three  windows — two  on 
one  side  and  one  on  the  other — was  fitted  with  removable  dummy 
windows  made  of  white  diffusing  cardboard.  These  dummy 
windows  were  placed  in  the  window  openings  and  illuminated  by 
means  of  a  special  reflector  hung  on  a  bracket  about  2  ft.  (61  cm.) 
from  the  wall  and  near  the  top  of  the  window.  These  reflectors 
were  so  adjusted  that  about  the  same  relative  distribution  of 
brightness  on  the  windows  was  obtained  by  artificial  light  as  that 
presented  to  the  view  under  daylight  conditions.  The  distribu- 
tion of  light  in  the  room  was  quite  like  that  prevailing  imder 
the  natural  lighting  conditions.  The  effect  was  pleasing.  No 
measurements  of  the  percentage  of  total  lumens  effective  on  a 
horizontal  plane  were  made,  but  an  idea  of  the  possible  **  effi- 
ciency "  of  the  installation  is  gained  from  such  measurements  on 
daylight  in  the  same  room.  It  was  found  that  33  per  cent  of 
the  total  lumens  of  natural  light  which  entered  the  room  was 
incident  on  a  horizontal  plane  36  in.  (91  cm.)  from  the  floor* 
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This  shows  that  the  "  efficiency  **  in  a  room  with  light  walls  and 
ceiling  need  not  be  prohibitively  low  with  this  kind  of  an  installa- 
tion. I  believe,  however,  that  in  many  cases  artificial  lighting 
can  be  made  far  superior  to  natural  lighting.  Certainly  specisd 
cases  will  arise  where  such  a  scheme  will  be  useful. 

Some  experience  with  this  trial  installation  gives  some  infor- 
mation relating  to  the  point  which  Mr.  Caldwell  brought  forth, 
namely,  that  more  artificial  light  is  needed  just  as  daylight  fails 
than  later  in  the  evening.  This  of  course  depends  entirely  on 
conditions.  If  daylight  fails  gradually  and  the  lights  are  switched 
on  at  the  proper  time  the  eye  will  have  become  adapted  to  its 
new  condition  and  no  change  will  be  noted.  From  a  practical 
standpoint  the  eye  becomes  adapted  to  a  change  in  illuminatior-i 
in  a  very  short  time.  The  installation  just  described  permitted 
the  closing  of  the  dummy  windows  in  a  few  seconds,  thus  chang- 
ing from  natural  lighting  of  about  50  foot-candles  on  the  test 
plane  to  artificial  lighting  of  about  2  foot-candles.  No  more  than 
a  minute  or  two  was  required  to  become  quite  adapted  to  this 
abrupt  change. 

Roscoe  Scott  (communicated  after  adjournment):  After 
reading  Mr.  Clewell's  instructive  paper,  I  am  convinced  that 
the  test  data  he  gives  should  be  a  valuable  addition  to  the  note- 
book of  any  illuminating  engineer,  especially  of  those  who  have 
to  deal  with  the  lighting  problems  of  shops  and  mills,  including 
the  maintenance  of  lighting  equipment.  I  wish  to  confine  my 
discussion,  however,  to  that  section  of  the  paper,  near  its  close, 
entitled  "  Economic  Relations.** 

The  three  charts  comprising  Fig.  16  bring  out  in  a  very  forceful 
manner  the  pettiness  of  the  illumination  cost  as  compared  with 
the  cost  for  labor  in  the  average  industrial  plant.  One  conclusion 
must  certainly  be  drawn  from  these  charts,  namely,  that  a  very 
considerable  percentage  increase  in  lighting  expense  may  be 
justified  if  it  will  produce  an  increase — even  a  small  increase — 
in  the  efficiency  of  labor.  Some  time  ago  I  worked  out  sets  of 
curves  intended  to  show  graphically  the  general  relations  between 
the  several  variables  which  must  be  considered  in  estimating 
that  increase  in  lighting  expense  which  will  result  in  the  maximum 
net  saving  for  an  industrial  concern.*  One  of  these  charts  may 
be  worth  reproducing  in  this  connection.  On  it  the  net  saving  is 
plotted  (see  figure)  as  ordinates  against  increase  in  lighting 
expense  as  abscissas.  As  this  is  intended  to  be  a  general  graphical 
solution  of  the  problem,  the  variables  are  necessarily  expressed 
as  percentages  rather  than  in  absolute  measure. 

The  increase  in  labor  efficiency  (a  on  the  chart)  should  be 
understood  as  being  measured  by  the  resulting  decrease  in  cost 
or  the  profitable  improvement  in  quality  of  the  manufactured 
product;  it  may  or  may  not  be  directly  measurable  in  terms 
of  the  increase  in  individual  production. 

*See  Electrical  World,  Feb.  10,  1912,  pp.  317-319. 
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The  chart  really  consists  of  several  distinct  sets  of  curves,  one 
set  for  each  value  of  a  (the  expected  per  cent  increase  in  labor 
efficiency).  In  using  the  chart  one  picks  out  the  particular 
bundle  of  curves  labelled  to  correspond  with  the  assumed  value 
of  a  and  then  follows  up  the  line  corresponding  to  the  given 
value  of  *  {for  definition  of  this  symbol  see  chart),  on  which  line 
the  saving  corresponding  to  the  assumed  increase  or  decrease 
in  lighting  expense  may  be  found  as  an  ordinate.  As  a  numerical 
example: 


Ratio  of  lighting  to  labor  eipenie  (percentosel 
Incrcue  eipecUd  ia  labor  efficiency  (percentile) 


Ten  compositors  employed  on  a  night  shift  in  a  large  print 
shop  receive  an  average  wage  of  $25  a  week.  The  present 
lighting  system  costs  $1.75  per  week. 


Then 


250 


=  0,7  per  cent. 


The  manager  estimates  that  the  improvements  in  the  illumina- 
tion system  necessary  to  produce  a  1  per  cent  increase  in  efficiency 
of  the  men  will  increase  his  operating  expenses  for  Hghting  by, 
say,  15  per  cent.    Referring  on  the  chart  to  the  bundle  of  lines 
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marked  "  a  =  1  "  we  find  by  interpolation  the  point  where 
a  line  corresponding  to  x  =  0.7  would  cross  coordinate  b  =  15. 
This  point  is  seen  to  correspond  with  a  value  of  5,  the  saving,  of 
0.9  per  cent.  That  is,  the  net  weekly  saving  expected  is  0.9 
per  cent  of  $250  =  $2.25.  By  trying  diflEerent  values  for  6, 
with  the  corresponding  estimated  values  for  a,  a  condition  which 
will  give  the  maximum  net  saving  (*'  on  paper  '*)  may  be  found. 
Of  course,  the  value  of  a — by  far  the  most  important  factor 
in  the  calculations — ^must  be  estimated  from  the  proposed  changes 
in  the  illumination,  rather  than  directly  from  the  increase  or 
decrease  in  operating  cost  consequent  upon  such  changes.  The 
difficulty  of  estimating  it  is  enhanced  because  so  many  factors, 
such  as  diffusion,  direction  and  color,  as  well  as  intensity  of 
light,  must  be  taken  into  account  in  deciding  the  comparative 
value  of  two  or  more  industrial  lighting  installations  from  the 
labor-efficiency  standpoint. 

We  must  rather  ruefully  admit  that  the  illtuninating  engineer 
who  has  amassed  any  considerable  amount  of  data  of  value  to  a 
practical  man  in  determining  a  for  his  particular  case,  be  it  the 
lighting"  of  a  silk  mill,  a  clerical  office  or  what  not,  is  the  excep- 
tion rather  than  the  rule.  Such  data — ^into  which  the  human 
element  enters  so  largely — ^must  invariably  be  based  on  exper- 
ience or  special  test,  and  are  particularly  hard  to  obtain.  If 
those  who  have  reliable  figures  would  place  them — ^in  addition  to 
the  purely  physical  data  that  Mr.  Clewell  has  presented — before 
the  members  of  the  national  technical  societies  they  would  be 
of  untold  benefit  in  the  future  application  of  industrial  lighting 
economics. 

Bassett  Jones,  Jr.:     Mr.  Moore  brought  up  the  question  of 
the  diffusion  of  daylight.    We  have  heard  a  great  deal  in  the  last 
few  years  of  the  necessity  of  copying  daylight  in  interior  illumina- 
tion, both  as  to  color  and  diffusion.     My  own  personal  opinion 
is  that  rarely  can  the  problems  of  interior  illumination  be  solved 
by  any  attempts  to  copy  daylight.     The  differences  between  all 
sources  of  artificial  light  and  the  sources  of  daylight  are  to  great 
to  permit  any  true  similarity  in  their  effects.     Having  read 
Mr.  Luckiesh's  communicated  discussion  I  should  like  to  add 
that  I  entirely  agree  with  his  statement  that  daylight  can  even 
be  improved  upon  by  artificial  means.     I  tried  to  draw  at- 
tention to  the  fallacy  of  the  superiority  of  daylight  some  time 
ago  in  a  discussion  of  a  paper   by   Prof.   Nichols  presented 
before  the  Illuminating  Engineering  Society,  but  at  that  time 
daylight    and    efficiency  were  the  passwords  of  the  art,  and 
my  attempt  was  quite  bare  of  results.     As  far  as  the  diffu- 
sion of  daylight  is  concerned,  the  relation  of  directed  day- 
light to  diffused  daylight  can  be  very  readily  discovered  by  so 
holding  a  piece  of  white  cardboard  that  one  side  is  exposed  to 
direct  rays  from  the  sun  and  looking  at  the  other  side.    The 
difference  in  intensity  between  the  two  sides  of  that  sheet  of 
p&per  will  be  enormous.    In  other  words,  a  large  proportion  of 
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daylight  is  directed  light.  The  moment  we  have  an  overcast 
sky,  so  that  the  light  is  thoroughly  diffiised,  we  have  trouble 
in  seeing,  and  particularly  if  the  sky  is  not  very  dense.  There 
is  under  such  conditions  a  decided  tendency  to  shade  one's 
eyes.  Perfect  diffusion  is  not  good  for  the  eye,  because  the 
eye  is  not  given  a  chance  to  perform  its  proper  fimction. 

Of  course,  in  interiors  it  would  be  ridiculous  to  attempt  to 
reproduce  the  intensity  of  daylight.  In  the  first  place,  if  we  are 
going  to  do  work  in  the  open  daylight,  work  which  requires  close 
application  of  the  eyesight,  we  want  to  be  shaded  from  the  day- 
light. If  you  are  reading  a  book  in  the  daylight,  you  usually 
seek  a  shaded  place  in  which  to  read,  or  if  there  is  no  shaded 
place  you  will  open  your  tunbrella  and  read  the  book  under  the 
umbrella.  Consequently,  for  artificial  interior  illumination, 
the  solution  of  the  problem  cannot  be  determined  wholly  from 
the  conditions  of  daylight  illumination. 

Mr.  Moore  asked  whether  the  effects  obtained  in  my  de- 
monstration were  secured  by  the  use  of  colored  screens.  They 
were.  He  also  suggested  the  use  of  the  different  artificial  il- 
luminants,  each  for  its  own  color  value.  This  has  been  done 
in  the  case  of  the  Soldiers'  Memorial  in  Pittsburgh,  where 
incandescent  lamps  were  used  for  their  color  value,  the  Moore 
tube  for  its  color  value,  and  the  mercury- vapor  lamp  for  its  color 
value,  and  the  color  values  of  the  different  illtmiinants  play  a 
very  large  part  in  the  general  color  scheme  of  the  design. 
The  green  light  from  the  mercury- vapor  lamp,  slightly  modified 
by  a  particiilar  form  of  opal  glass,  produces  a  moonlight  effect, 
which  has  become  a  part  of  the  color  scheme  in  the  ceiling. 
So  with  the  light  from  the  Moore  tubes.  The  flame  arcs  serve 
to  produce  sparkling  centers  of  an  orange  hue.  The  efficiency, 
of  course,  is  low,  because  the  lamps  are  not  used  to  give  light 
on  the  floor,  but  simply  to  give  an  effect  of  a  jewel-studded 
ceiling. 

In  regard  to  the  color  of  daylight,  I  performed  some  simple 
experiments  a  short  time  ago  tor  the  benefit  of  an  architect,  with 
reference  to  the  problem  of  the  color  in  which  rooms  shoiild  be 
painted.  The  average  architect,  like  the  average  decorator, 
still  believes  that  red,  yellow  and  blue  are  the  primary  colors, 
and  also  that  a  north  room  should  be  painted  yellow  and  a 
south  room  should  be  painted  blue. 

The  experiments  were  carried  on  in  a  building  in  which  there 
is  a  long  corridor,  on  the  south  side  of  which  is  a  series  of  offices 
with  windows  opening  to  the  south.  On  the  north  side  of  the 
corridor  is  a  series  of  offices  with  windows  opening  to  the  north. 
That  light  from  the  north  sky  is  decidedly  blue,  and  the  light 
from  the  south  sky  decidedly  yellow,  was  shown  by  giving  the 
architect  a  little  piece  of  cardboard,  which  he  held  before  his 
eyes,  so  as  to  cover  the  window.  The  moment  he  covered  the 
window  with  the  piece  of  cardboard,  that  is  the  moment  he 
covered  his  eye  with  the  cardboard  so  that  he  cotdd  not  see  the 
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window,  he  was  asked  to  state  the  color  of  the  unpainted  plaster 
walls.  In  the  north  room  he  said  blue.  In  the  south  room 
he  said  they  were  light  buff.  Therefore,  the  proposition  was 
put  to  him  that  the  north  room  should  be  painted  blue,  in  order 
that  the  blue  light  should  be  reflected  from  a  blue  surface.  If 
it  was  painted  buff,  it  would  absorb  and  not  reflect  blue 
light.  The  south  room  should  be  painted  buff,  because  the  buff 
walls  would  reflect  the  yellow  light  better  than  if  the  walls 
were  painted  blue,  which  would  absorb  the  yellow  light. 

The  result  of  this  and  other  experiments  was  that  the  north 
rooms  were  painted  a  light  blue  and  the  south  rooms  were 
painted  a  light  buff,  and  then  came  the  question  of  artificial 
light.  We  were  going  to  use  tungsten  lamps  with  reflectors,  but 
we  did  not  want  to  make  the  north  rooms  blue  at  night,  and  we 
had  to  mix  with  the  blue  a  little  green  which  would  respond 
to  the  tungsten  light  at  night.  The  yellow  walls  in  the  south 
rooms  did  respond  to  the  artificial  light  without  any  modifica- 
tion. 

These  experiments  give  a  practical  example  of  how  far  the 
question  of  illuminating  engineering  can  be  carried.  In  fact,  by 
such  methods  the  best  balance  of  color  values  for  wall  decora- 
tions can  be  determined  in  many  interiors  with  a  resulting 
heightening  of  the  effects.  Thus  it  is  possible  to  determine  for 
a  given  southern  interior  that  the  general  color  tone  should  be, 
say  a  buff  corresponding  nearly  to  number  x  in  any  given  scale 
of  pigment  hues,  and  that  on  top  of  that  color  another  color 
must  be  applied,  say  about  50  per  cent  of  the  wall  area,  must 
be  painted  quite  red  laid  on  in  any  design  the  architect  may 
desire.  A  room  painted  that  way,  with  consideration  of  the 
daylight  sources,  will  give  a  very  much  more  heightened  effect 
and  will  incidentally  prove  more  efficient  from  the  standpoint 
of  illumination  than  if  a  decorator  painted  it  as  he  saw  fit. 
Now,  while  this  is  true,  tell  it  to  almost  any  architect  and  see 
what  he  will  say. 

Mr.  Millar  said  he  thought  it  would  have  been  interesting 
if  the  numerical  results  of  the  experiments  had  been  given.  The 
trouble  with  these  experiments  is  that  they  have  to  be  taken 
with  a  very  large  grain  of  salt;  that  is,  it  is  impossible  to 
conduct  such  a  study,  and  apply  the  results  promiscuously. 


A  rgport  Pf€S€nitd  at  tkt  29tk  Annual  Con- 
9€nUon  of  th§  American  InsiUuU  of  EUclrical 
Engineers,  Boston,  Mass.,  June  27.     1912. 
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INDUSTRIAL  EDUCATION 


Preliminary  Report  by  the  Educational  Committee 


I.  INTRODUCTION 

The  Institute  Committee  on  Education  was  reorganized  last 
November  as  it  was  impossible  for  the  original  chairmari  to 
serve.  At  the  meeting  held  at  that  time,  it  was  decided  to 
study  the  status  of  vocational  education,  that  subject  being  at 
the  present  moment  of  paramount  interest  to  the  industrial 
interests  of  the  country.  The  time  available  has  been  so  short 
that  it  is  impossible  to  present  more  than  a  preliminary  report 
of  progress,  but  this  may  possibly  be  of  sufficient  interest 
and  value  to  warrant  future  committees  of  the  Institute  in  con- 
tinuing the  work. 

In  laying  out  the  plan  of  procedure  of  the  Committee,  no 
specific  effort  was  made  strictly  to  confine  the  study  to  educa- 
tional conditions  as  applied  to  the  electrical  industries.  This 
attitude  was  taken  because  it  was  believed  that  the  proper 
establishment  of  vocational  education  for  all  children  who  cannot 
advance  beyond  the  rank  of  hand  workers  is  essential  to  the 
highest  success  of  the  country  as  a  whole  in  its  industrial  and 
commercial  functions,  and,  as  a  result,  to  the  success  of  the  elec- 
trical, or  any  other  particular  branch  of  the  industries. 

It  is  believed  by  the  committee,  since  the  Institute  contains 
a  large  and  intelligent  membership  widely  distributed  over  the 
entire  United  States,  that  much  good  may  be  accomplished  by 
gathering  data  together  in  the  Transactions  for  ready  refer- 
ence which  will  aid  the  individual  members  to  effectively  influ- 
ence the  development  of  this  most  valuable  kind  of  education 
in  their  respective  commonwealths  and  communities. 

Probably  there  is  no  more  important  problem  to  be  solved  by 
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the  industrial  communities  of  this  country  today  than  the  proper 
preparation  of  the  new  jjeneration  for  efficient,  skilful,  intelh'- 
gent,  and  loyal  labor.  It  is  now  quite  generally  known  that  we 
have  fallen  behind  Germany,  Austria,  France,  and  some  other 
European  nations  in  this  regard.  To  a  certain  extent,  this  is 
indicated  by  the  fact  that  many  of  our  exports  carry  from 
three  to  fifteen  per  cent  of  labor  cost,  while  a  large  part  of  the 
exports  of  the  countries  named  carry  from  forty  to  eighty  per 
cent  of  such  cost.  Indeed,  we  have  occasionally  exported 
large  quantities  of  comparatively  crude  and  unmanufactured 
products  to  Euroj^e  to  have  them  improved  and  refined  to  many 
times  their  original  export  value  and  then  have  brought  them 
back  to  this  country  for  our  consumption.  These  conditions 
must  exist  to  some  extent  always,  but  the  balance  against  us 
is  so  excessive  that  it  behooves  us  to  take  it  into  consideration. 

In  regard  to  the  effect  of  applied  education,  Mr.  H.  E.  Miles, 
chahman  of  the  National  Manufacturers  Association's  Edu- 
cational  Committee,  makes  this  statement  in  a  recent  report: 
"  By  industrial  education  it  now  devolves  upon  us  in  very  im- 
portant respects  to  shape  the  lives  of  the  children  of  today  and 
thereby  to  make  the  men  and  women  of  tomorrow.  Each  year 
2,500,000  children  graduate  from  or  leave  our  elementary  schools 
proud  and  confident  in  having  accomplished  the  first  great  task 
of  their  lives  in  successfully  finishing  the  eight  years*  course 
with  credit.  But  this  same  vast  army  of  2,500,000  little  ones, 
most  of  them  only  14  years  of  age,  leave  the  schools  soon  to  be 
discouraged,  to  prove  unsuccessful,  aimless;  most  of  them  have 
gotten  no  further  than  the  sixth  grade,  having  learned  little 
else  than  the  three  R's,  not  educated  in  any  sense,  but  only 
possessed  of  the  rudiments  whereby  real  education  may  be 
acquired.  They  then,  in  a  way,  learn  in  school  only  how  to 
fail.  These  are  the  children  who  come  into  the  industries,  and 
deserve  or  require  industrial  or  trade  education.'* 

This  injurious  condition,  as  set  forth  by  Mr.  Miles,  is  to  be 
found  to  a  more  or  less  serious  extent  in  ahnost  every  manufac- 
turing community  in  the  United  States  and  also  to  some  de- 
gree in  the  rural  communities.  The  difficulty  has  been  largely 
relieved  in  Germany  by  the  development  of  her  magnificent 
system  of  trade  and  '*  continuation  schools."  In  this  system, 
after  a  boy  has  reached  the  age  of  fourteen,  he  has  the  oppor- 
tunity to  continue  in  schools  which  are  particularly  adapted  by 
the  character  of  their  teaching  and  organization  to  aid  him  in 
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making  himself  a  skilful  and  intelligent  workman.      A  compul- 
sory attendance  law  makes  it  necessary  for  most  of  the   boys, 
whether   working  or  otherwise,  to   attend  these  continuation 
schools  at  least  one-half  a  day  each  week  until  sixteen  years  of  age. 
The  expense  of  the  schools  is  little  greater  than  that  required 
for  maintaining  the  ordinary  types  of  public  school  curricula 
with  which  we  are  familiar  in  this  country.     Though  trades  are 
taught — as  many  as  two  score  in  one  of  the  cities  of  Germany — 
the  cost  of  equipments  required  is  comparatively  small;  only 
sufficient  apparatus  is  used  to  teach  the  fundamental  movements 
of  the  processes  called  for  by  a  particular  trade.     Because  of  the 
large  number  of  pupils  who  are  employed  in  labor  and  attend  for 
part  time  only,  these  foreign  schools  cost  per  pupil,  per  year,  a 
small  fraction  of  the  amount  expended  per  pupil  in  our  best  full 
time  trade  and  industrial  schools. 

It  is  considered  by  well  qualified  industrialists  who  have 
studied  the  question,  that  many  classes  of  workmen  of  -con- 
tinental Europe  are  more  skilful  and  accurate  than  similar 
Masses  of  American  workmen,  even  after  due  allowance  is  made 
Cor  the  American's  native  resourcefulness,  energy,  and  ability. 
Therefore,  if  the  truth  of  this  statement  is  conceded,  active 
sneans  should  evidently  be  adopted  for  the  development  of  ed- 
xicational  methods  which  will  cause  our  manual  workers  of  the  fu- 
ture to  reach  a  higher  stage  of  efficiency.  This  is  particularly 
so  since  our  country  must,  perforce — as  its  population  grows 
^nd  natural  resources  relatively  decrease — in  order  to  maintain 
its  prosperity,  wealth,  and  the  happiness  of  its  people,  put  forth 
increasingly  greater  efforts  to  maintain  its  share  of  the  world's 
trade. 

With  the  exception  of  a  comparatively  few  successful  experi- 
ments with  continuation  and  free  vocational  schools  such  as  are  to 
be  seen  here  and  there  scattered  over  the  country,  as  yet  compara- 
tively little  has  been  either  attempted  or  accomplished  in  the 
United  States  in  the  form  of  publicly  supported  training  of  the 
character  demanded ;  and  a  beginning  only  has  been  made  in  the 
establishment  of  industrial  schools  supported  by  private  benevo- 
lence,or  by  industrial  corporations  for  preparing  workers  for  the 
ranks  of  their  own  employees.  The  number  of  pupils  enrolled  in 
such  schools,  the  number  of  teachers  employed,  and  the  buildings 
and  equipments  in  use  are  small  compared  with  those  in  some 
of  the  Eiu^opean  nations.  Statisticians  estimate  that  only  from 
ten  to  twenty  per  cent  of  the  children  of  this  country  of  the  age 
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of  sixteen,  whom  necessity  drives  from  school  to  work,  are  so 
situated  that  they  can  learn  a  trade.  The  remainder  work  at 
casual  employment  or  in  such  places  as  fail  to  develop  their  full 
usefulness  to  their  communities.  This  condition  of  ineflSciency 
is  apt  to  remain  with  them  throughout  life  to  their  detriment, 
and  to  a  considerable  degree  the  character  of  our  export  trade 
undoubtedly  is  influenced  thereby. 

It  seems  probable  that  this  coimtry  could,  without  heavy 
burden  beyond  that  incurred  in  maintaining  the  present  more 
or  less  inflexible  public  school  system,  so  modify  the  pedagogical 
methods  in  use  as  to  make  it  possible  for  the  great  majority  of 
sound  children  to  take  positions  in  the  world  of  labor  where  they 
could  be  classed  as  skilled.  Such  training  of  the  mass  of  the 
people  should  lead  to  increased  sense  of  responsibility,  good 
spirit,  orderliness,  and  efficiency  and  should  go  far  toward  re- 
moving much  of  the  unrest  and  dissatisfaction  rapidly  becoming 
prevalent. 

On  account  of  the  limited  time  at  the  committee's  disposal, 
it  was  decided  to  study  certain  schools  in  the  New  England  and 
Middle  States — the  thought  being  that  if  the  work  is  continued 
by  future  committees,  a  further  study  can  be  made  of  the  con- 
ditions in  other  parts  of  the  country.  Even  in  the  districts 
chosen  it  was  found  wise  to  confine  attention  to  but  a  few  of  the 
most  typical  schools  and  to  neglect  many  institutions  of  great 
merit.  The  work  of  gathering  data  was  divided  among  the  mem- 
bership of  the  committee  somewhat  as  follows:  Professor  H.  H. 
Norris  of  Cornell  University  undertook  the  burden  of  reporting 
upon  certain  schools  to  be  found  in  New  England  and  New  York; 
adding  thereto,  with  some  assistance  from  the  Chairman,  des- 
criptions of  various  schools  maintained  by  the  railroad  systems 
of  the  coimtry.  Professor  Samuel  Sheldon  of  the  Brooklyn  Poly- 
technic Institute  was  assigned  certain  typical  schools  in  New 
York  City. 

Insomuch  as  vocational  education,  to  serve  the  entire  pop- 
ulation of  the  country,  eventually  must  be  supported  largely 
from  the  public  purse,  and  insomuch  as  many  of  the  common- 
wealths of  the  Union  are  now  endeavoring  to  inaugurate  such 
work  by  the  enactment  of  special  legislation  relating  to  the  subject, 
a  special  section  of  the  committee's  report  is  devoted  to  a  study 
of  the  laws  already  in  existence.  Dr.  W.  I.  Slichter  of  Columbia 
University  was  assigned  the  duty  of  making  an  investigation  of 
this  subject  and  preparing  a  brief  report  thereupon. 
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It  is  hoped  that  the  short  descriptions  of  the  few  schools  that 
are  named  hereafter  and,  also,  the  brief  discussion  of  laws  which 
seem  to  be  suitable  for  the  establishment  of  effective  vocational 
^ucational  systems  may  be  of  service  to  members  of  the  Insti- 
tute, who  have  not  already  given  the  subject  special  study,  in  aid- 
ing them  to  direct  the  development  of  this  important  phase  of 
education   in   their   own   commonwealths.     The  committee,  of 
<xnirse,  does  not  pretend  that  its  findings  are  complete,  but  the 
<lata  given  may  prove  useful  by  indicating   the  direction  in 
"^?irhich  the  development  is  tending. 

Before  proceeding  with  the  more  detailed  discussion,  it  seems 
"well  to  point  out  here  certain  salient  classifications  and  facts 
^^onceming  industrial  schools.  They  may  be  divided  properly 
:iLnto  three  general  classes,  namely: 

1.  Those  maintained  at  public  expense  and  open  to  all  children 
of  their  respective  districts. 

2.  Those  maintained  through  private  benevolences  and  also 
open  largely  to  children  of  their  districts. 

3.  Those  maintained  by  corporations  for  preparing  skilled 
^*mployees  for  their  own  piuposes. 

These  schools,  without  including  those  that  are  giving  instruc- 
tion in  drawing,  manual  arts,  etc.,  for  piuposes  of  general 
T:raining  rather  than  for  direct  vocational  preparation,  are  fre- 
cquently  divided  into  two  types,  namely: 

a.  Full  time  schools. 

b.  Continuation   schools. 

In  the  former,  the  youth  attends  the  school  continuously  until 
lie  has  been  prepared  so  far  as  possible,  both  mentally  and  manu- 
ally, for  the  particular  trade  or  vocation  which  he  proposes  to 
enter.  The  continuation  schools  are  those  to  which  pupils, 
already  at  work,  give  only  part  time — such  as  evenings,  or  a 
day  or  part  of  a  day  each  week.  The  third  general  division 
named  above  consists  of  continuation  schools,  while  the  first 
and  second  divisions  include  both  types,  or  a  combination  of  the 
two. 

It  may  be  safely  stated  that  the  continuation  school  in 
which  the  pupil,  already  regularly  employed,  gives  a  part 
of  the  working  hours  each  week  to  school  work,  shows  dis- 
tinct and  positive  signs  of  being  best  suited  to  the  conditions 
facing  the  great  majority  of  young  men. 

These  schools,  whether  maintained  at  public  expense  or  by 
industrial  corporations,  should  aim  to  develop  the  mental  judg- 
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ment  and  physical  skill  rccjuircd  for  promoting  the  industries 
in  the  localities  in  which  they  are  situated.  This  means  very 
close  correlation  between  the  school  work  and  the  shop  work  in 
which  the  youth  is  engaged,  and  as  a  result  demands  efficient  co- 
operation between  the  school  and  shop  staffs. 

Continuation  schools  need  not  be  materially  more  expensive 
than  the  common  schools,  as  the  practical  applied  part  of  the 
training  can  be  obtained  to  a  large  extent  during  the  portion 
of  the  time  the  pupils  are  at  work. 

Experience  with  laws  relating  to  the  organization  of  industrial 
schools  (continuation  and  full  time),  carried  on  at  public  expense, 
seems  to  indicate  that  certain  more  or  less  well  defined  conditions 
of  organization  are  desirable.  Some  of  these,  which  appear  to 
be  of  especial  importance,  are  presented  below  for  consideration: 

1.  Young  men  who  leave  the  common  schools  at  fourteen  years 
of  age  should  be  required  ordinarily  to  spend  at  least  two  years 
thereafter  in  either  a  continuation  or  full  time  vocational  school. 
Those  leaving  at  fifteen  should  give  at  least  one  year  to  work 
of  the  same  kind. 

2.  Opportunity  should  be  given  all  residents  of  the  community 
over  sixteen  years  of  age  to  enroll  in  the  continuation  school 
upon  the  payment  of  a  small  tuition  fee,  especially  those  persons 
between  the  ages  of  sixteen  and  twenty-five. 

3.  Each  commonwealth  should  have  a  commission  composed 
of  representatives  of  the  industries,  with  ])ower  to  direct  its 
industrial  school  work,  under  the  condition  that  its  actions  are 
subject  to  the  approval  of  the  regular  state  board  of  education. 

4.  Local  communities  should  have  commissions  selected  from 
the  personnel  of  the  local  industries,  with  power  to  direct  the  work 
of  the  local  industrial  schools,  but  subject  in  their  actions  to  the 
approval  of  the  local  school  boards. 

5.  The  commissions  named  above  need  not  interfere  with  the 
regular  public  school  organization  of  the  state,  but  should  be 
correlated  therewith. 

6.  In  order  to  encourage  the  establishment  of  vocational 
schools,  and  to  give  a  proper  central  authority  over  the  school 
officials  of  local  communities,  the  state  should  give  material  finan- 
cial aid  to  those  institutions  which  comply  with  its  regulations 
and  are  approved  by  its  commission  on  industrial  education. 

Lack  of  state  and  local  boards,  whose  membership  is  selected 
from  the  officials  and  ranks  of  the  industries,  having  sufficient 
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power  to  enforce  the  adoption  of  their  methods,  must  result,  as  a 
rule,  in  industrial  schools  failing  to  give  the  full  possible  measure  of 
usefulness.  The  modem  school  teacher  usually  knows  his  par- 
ticular business;  but  this  does  not  include,  in  general,  the  direct 
preparation  of  his  pupils  for  industrial  pursuits,  nor  can  he  have 
the  opportunity  to  learn  the  requirements  essential  to  giving 
such  preparation  except  through  close  contact  with,  and  the 
active  cooperation  of,  the  industrialists  who  are  to  absorb  his 
pupils  into  their  ranks  of  labor. 

The  term  vocational  education  is  used  in  this  report  to  cover 
any  kind  of  education  that  leads  to  a  vocation;  industrial  ed- 
ucation is  included  in  this  and  refers  to  the  bulk  of  the  manual 
vocations  other  than  agriculture  and  the  domestic  arts  (see 
hereafter). 

II.  PROVISION  BY  LAW  FOR  VOCATIONAL  TRAINING 

IN  THE   UNITED   STATES 


A  survey  of  the  educational  enactments  of  the  various  states 
shows  that  24  states  have  active  provisions  for  vocational  training, 
six  have  permissive  provisions  and  fifteen  have  no  provision  at 
all.  In  twenty  of  the  states  vocational  schools  are  in  practical 
operation. 

Massachusetts,  Wisconsin,  New  York  and  Maine  seem  to  have 
given  the  subject  the  most  careful  consideration  and  special 
commissions  to  study  the  subject  have  rendered  elaborate  reports 
on  the  subject.  The  State  of  Massachusetts  seems  to  be  not 
only  the  pioneer  but  the  leader  in  this  branch  of  education  and 
while  other  states  may  have  studied  the  subject  and  made  pro- 
visions for  the  training  yet  Massachusetts  is  the  only  state  in 
which  elaborate  provisions  are  in  extensive  operation .  As  the  term 
vocational  training  is  used  in  a  very  broad  sense  and  includes 
any  training  intended  to  prepare  the  scholar  to  become  economic- 
ally productive,  it  is  desirable  to  distinguish  between  the  various 
forms  of  training  to  be  discussed.  The  amended  acts  of  the 
State  of  Massachusetts  carefully  define  the  various  forms  of 
education  as  follows: 

1.  **  Vocational  education  '*  shall  mean  any  education  the 
controlling  purpose  of  which  is  to  fit  for  profitable  employment. 

2.  "  Industrial  education  '*  shall  mean  that  form  of  vocational 
education  which  fits  for  the  trades,  crafts,  and  manufacturing 
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ptirstiits,  including  the  occupations  of  girls  and  women  carried 
on  in  workshops. 

3.  "  Agricultural  education  "  shall  mean  that  form  of  voca- 
tional education  which  fits  for  the  occupations  connected  with 
the  tillage  of  the  soil,  the  care  of  domestic  animals,  forestry  and 
other  wage-earning  or  productive  work  on  the  farm. 

4.  "  Household  arts  education  "  shall  mean  that  form  of 
vocational  education  which  fits  for  occupations  connected  with 
the  household. 

5.  *'  Independent  industrial,  agricultiu'al,  or  household  arts 
school  "  shall  mean  an  organization  of  courses,  pupils  and 
teachers,  under  a  distinctive  management,  approved  by  the  board 
of  education,  designed  to  give  either  industrial,  agricultural  or 
household  arts  education  as  herein  defined. 

6.  "  Evening  class  "  in  an  industrial,  agricultural,  or  house- 
hold arts  school  shall  mean  a  class  giving  such  training  as  can  be 
taken  by  persons  employed  during  the  working  day,  and  which, 
in  order  to  be  called  vocational,  must  in  its  instruction  deal 
with  the  subject-matter  of  the  day  employment,  and  be  so  carried 
on  as  to  relate  to  the  day  employment. 

7.  "  Part-time,  or  continuation,  class  "  in  an  industrial,  ag- 
ricultural, or  household  arts  school  shall  mean  a  vocational  class 
for  persons  giving  a  part  of  their  working  time  to  profitable 
employment,  and  receiving  in  the  part-time  school,  instruction 
complementary  to  the  practical  work  carried  on  in  such  employ- 
ment. To  give  *'  a  part  of  their  working  time  **  such  persons 
must  give  a  part  of  each  day,  week,  or  longer  period  to  such  part- 
time  class  during  the  period  in  which  it  is  in  session. 

8.  **  Independent  agricultural  school  '*  shall  mean  either  an 
organization  of  courses,  pupils  and  teachers,  under  a  distinctive 
management,  designed  to  give  agricultural  education,  as  here- 
inafter provided  for,  or  a  separate  agricultural  department, 
offering  in  a  high  school,  as  elective  work,  training  in  the 
principles  and  practise  of  agriculttwe  to  an  extent  and  of  a 
character  approved  by  the  board  of  education  as  vocational. 

9.  **  Independent  household  arts  school  "  shall  mean  a  voca- 
tional school  designed  to  develop  on  a  vocational  basis  the  capac- 
ity for  household  work  such  as  cooking,  household  service,  and 
other  occupations  in  the  household. 

Practically  all  states  offer  vocational  education  in  the  state 
normal  and  training  schools  for  teachers,  and  work  of  a  collegiate 
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grade  in  the  state  land  grant  colleges  established  under  the 
Morrill  act.  In  a  majority  of  the  states  there  is  permissive 
legislation  relative  to  the  introduction  of  manual  training,  in- 
cluding drawing,  in  the  elementary  schools.  In  many  states 
instruction  in  these  branches  is  required  in  all  towns  having  above 
a  certain  specified  population.  In  twenty-four  states  legal 
provision  has  already  been  made  for  the  encouragement  or 
support  of  industrial  education  beyond  the  general  provision 
for  the  manual  training  in  elementary  schools.  The  following 
gives  an  outline,  according  to  such  information  as  was  obtain- 
able, of  the  provisions  in  those  states  having  such  provisions: 

Alabama — Provides  for  the  establishment  and  maintenance  of  a 
branch  agricultural  experiment  station  in  each  congressional  district. 
The  annual  appropriation  for  each  school  is  $4500. 

Arkansas — Has  four  state  public  schools  of  agriculture,  appropria- 
ting annually  $160,000  for  their  support. 

California — Permits  but  does  not  provide  for. 

Connecticut — Aids  in  the  support  of  two  schools  giving  instruction 
in  the  principles  and  practise  of  trades.  Total  amount  is  $50,000 
for  both  schools. 

Georgia — Aids  district  agricultural  high  schools  to  the  limit  each 
of  $2000. 

Illinois — No  special  provision,  local  option. 

Indiana — Authorizes  industrial  and  manual  training  in  cities  of 
more  than  100,000  and  confers  power  to  raise  money  by  taxes. 

Iowa — Has  no  law  but  aid  is  given  for  manual  training. 

Kansas — Authorizes  local  boards  to  levy  tax  of  one  half  mill  for 
the  equipment  of  industrial  training  schools  or  departments.  State 
aids  such  schools  to  the  limit  of  $250  annually. 

Kentucky — Does  not  provide  but  the  cities  do. 

Maine — Provides  for  and  aids  to  the  extent  of  two-thirds  the  sal- 
aries of  the  instructors,  subject  to  the  approval  of  state  superinten- 
dent.    Has  a  commission  which  has  made  valuable  recommendations. 

Maryland — Gives  state  aid  to  county  manual  training  schools  or 
departments,  limit  $1500  each.  Also  aids  high  schools  having  com- 
mercial courses. 

Massachusetts — Has  a  deputy  commissioner  of  education  whose 
duty  it  is  to  encourage  and  supervise  forms  of  vocational  education 
supported  by  the  state.  Grants  permission  to  towns  and  cities  to 
provide  independent  vocational  schools  and  to  provide  evening  and 
part  time  courses  for  persons  already  employed.  Permits  two  or 
more  cities  to  join  for  the  purpose  of  maintaining  vocational  courses 
or  schools;  aids  to  the  extent  of  one-half  the  net  expense  of  such 
schools,  provided  the  school  has  been  approved  by  the  state  author- 
ities. 
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Michigan — Authorizes  and  aids  county  schools  of  agriculture  and 
domestic  economy  to  the  extent  of  f  of  the  cost  if  approved  by  state 
authorities. 

Minnesota — Gives  state  aid  to  departments  of  agriculture,  manual 
training,  and  domestic  science  in  state  high,  graded,  and  consolidated 
schools  if  approved  by  state  board.  Maximum  limit  of  $2500  to 
any  school. 

Nebraska — Does   not   provide  but  the  cities  do. 

New  Jersey — Contributes  half  the  cost  of  maintai nance  and  author- 
izes the  locality  to  levy  a  tax  for  the  remainder;  maximum  limit 
of  aid  is  $10,000. 

New  York — Authorizes  local  board  to  establish  such  schools  and 
gives  aid  to  the  extent  of  $500.     Has  a  state  director  of  trade  schools. 

North   Dakota — Authorizes  and  aids  such   schools. 

Ohio — Provides  for  manual  training  but  the  cities  do  most. 

Oregon — Provides  for  courses  in  any  high  school  under  supervision 
of   state   board. 

Pennsylvania — Requires  that  manual  training  courses  shall  be 
provided  and  aids,  by  direct  appropriation,  established  vocational 
schools.  Has  three  deputy  state  superintendents  of  education  in 
charge  of  work. 

Texas — Gives  aid  to  the  extent  of  half  the  cost  of  maintaining 
courses  in  agriculture,  domestic  economy,  and  manual  training  sub- 
ject to  the  approval  of  state  board.  Maximum  limit  $500.  Aid 
is  not  permanent. 

Utah — Permits  vocational  courses  to  be  prescribed  in  existing 
schools.  « 

Vermont — Aids  schools  with  approved  manual  training  courses 
to  the  extent  of  $250  per  year. 

Virginia — Provides  by  law  and  has  ten  schools  in   operation. 

Wisconsin — Has  a  State  Board  of  Industrial  Education  and  a 
Commission  to  encourage  Industrial  Education;  aids  county  schools 
having  industrial  courses  which  are  approved  by  state. 

Thus  in  the  majority  of  cases,  heretofore,  the  vocational  train- 
ing has  been  almost  altogether  in  the  form  of  agriculture  or 
home-making  and  with  manual  training  as  an  addition  or  inci- 
dental to  existing  courses  in  high  and  secondary  schools.  The 
problem,  therefore,  of  true  industrial  education  is  comparatively 
new  and  has  been  met  in  only  a  few  states  such  as  Massachusetts, 
Pennsylvania,  Maine,  New  York,  Indiana,  and  Wisconsin.  In 
order  to  study  the  subject  and  learn  the  best  methods  of  ac- 
complishing the  desired  object  we  need  therefore  only  constdt 
the  records  of  the  results  in  these  States. 

An  especially  appointed  commission  in  Maine  has  made  a 
very  careful  study  of  the  subject  and  placed  the  results  of  its 
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conclusions  in  a  valuable  report.  This  rei)ort  is  dated  1910. 
The  records  do  not  show  that  the  conclusions  of  this  commission 
have  been  carried  out  to  the  extent  of  perfecting  an  operating 
system. 

While  there  are  a  great  many  institutions  of  vocational  training 
in  New  York  State  they  appear  to  be  not  as  fully  correlated  as 
those  in  Massachusetts  and  Wisconsin  and  the  initiative  ap- 
pears to  be  in  the  cities  and  localities  themselves.  The  state 
board  is  ready  and  prepared  to  give  advice  but  does  not  have 
the  control  that  is  provided  for  in  Massachusetts  and  Wiscon- 
sin. 

In  the  opinion  of  this  committee  the  feature  of  the  Massa- 
chusetts and  Wisconsin  laws  which  causes  them  to  excel  is 
the  provision  that  a  vocational  school,  to  receive  state  aid, 
must  receive  the  state's  approval  of  many  of  its  important 
features,  such  as  courses,  teachers,  buildings,  methods,  time, 
and  accounts.  This  clause  is  used  as  an  inducement  to  en- 
courage the  local  boards  to  consult  with  the  proper  rep- 
resentative of  the  state  board  from  the  beginning  of  the 
organization  of  the  school,  rather  than  to  await  the  exact 
period  when  money  is  requested  of  the  state.  The  state  board 
includes  an  assistant  superintendent  who  has  made  a  special 
study  of  the  subject  of  vocational  training,  and,  members  of 
the  board,  private  citizens  representing  the  points  of  view  of 
employers  and  employees.  The  new  Pennsylvania  laws  bearing 
upon  this  subject  are  also  much  similar  in  effect. 

To  crystallize  and  collect  the  best  ideas  on  the  subject  of 
legislation  and  provisions  for  vocational  training  it  is  deemed 
sufficient  to  pick  out  the  best  points  of  the  methods  of  Massa- 
chusetts and  Wisconsin  as  representative  of  good  practise. 

Outline  of  a  Scheme  for  Industrial  Education  Based 
Largely  on  the  Laws  of  Massachusetts  and  Wisconsin 

Either  a  state  board  of  industrial  education  containing  rep- 
resentatives of  both  employers  and  employees  and  independent 
of  the  usual  state  board  should  be  appointed,  or  an  advisory 
board  of  similar  character  should  work  with  the  regular  board 
of  education. 

The  state  superintendent  of  education  or,  in  case  the  duties  are 
sufficient  to  warrant  the  appointment,  an  assistant  for  industrial 
education  should  be  authorized  to  approve,  with  the  board, 
the  courses  of  study  and  to  certify  that  the  work  of  the  various 
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schools  is  satisfactory.  The  industrial  assistant  shotild  be  au- 
thorized to  attend  industrial  conventions  and  make  investigations 
outside  the  state  as  well  as  within. 

The  board  of  education  should  have  control  over  all  state 
aid  given,  and  aid  should  only  be  extended  to  those  schools 
that  have  received  the  approval  of  the  board  and  superin- 
tendent or  assistant.  The  industrial  board  of  education 
should  be  authorized  to  investigate  and  aid  in  the  introduc- 
tion of  vocational  education  and  to  initiate  and  superintend 
the  establishment  and  maintenance  of  the  schools.  Three 
classes  of  independent  schools  should  be  recognized,  such 
as  industrial,  agricultural,  and  household  arts,  and  each 
of  these  schools  should  have  day  instruction,  part-time,  and 
evening  classes.  Attendance  upon  such  day  or  part-time  clas- 
ses should  be  restricted  to  those  between  fourteen  and  twenty- 
five  years  of  age  and  should  be  compulsory  for  those  between 
fourteen  and  sixteen.  Attendance  at  evening  classes  should  be 
restricted  to  those  over  seventeen.  The  local  board  of  education 
should  be  authorized  to  establish  and  maintain  independent 
vocational  schools;  and  in  the  establishment  of  such  schools 
should  call  in  the  advice  of  the  state  superintendent  and  after 
adopting  a  plan  of  organization  and  administration  submit  this 
plan  for  approval  to  the  state  board.  It  is  desirable  that  local 
and  district  boards  of  trustees  appoint  an  advisory  committee 
composed  of  members  representing  local  trades,  industries,  and 
occupations.  The  state  should  reimburse  the  local  district  to 
the  extent  of  one-half  the  net  expenses  of  the  school,  provided 
the  form  of  organization,  control,  location,  equipment,  courses 
of  study,  qualification  of  teachers,  methods  of  instruction,  con- 
ditions of  admission,  emplo>TTient  of  pupils,  and  expenditures  of 
money  are  in  accordance  with  the  approved  methods  of  the 
state   board. 

The  community  should  provide  the  buildings  and  equipment 
and  sufficient  money  for  the  operation  of  the  schools  and  after 
a  year's  operation  the  state  should  reimburse  the  community 
the  amount  stipulated.  In  order  that  this  amount  may  be 
easily  determined  uniform  methods  of  accounting  in  the  schools 
should  be  required. 

Each  locality  should  endeavor  to  make  its  courses  meet  its 
local  needs  and,  if  possible,  should  endeavor  to  secure  coopera- 
tion between  the  schools  and  the  local  industries  so  that  the 
school  shall  prepare  the  students  to  be  successful  in  those  in- 
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dustries,  and,  if  possible,  so  that  the  local  industries  shall  supply 
the  opportunity  for  practical  work.  To  this  end  it  is  desirable 
that,  either  on  the  local  board  or  the  local  advisory  board, 
persons  interested  in  the  local  industries  be  represented. 

It  is  desirable  that  a  reasonable  tuition  fee  be  charged  in  order 
to  discourage  from  attending  those  persons  who  have  no  serious 
purpose. 

It  is  desirable  that  all  children  from  fourteen  to  sixteen  years 
of  age  be  compelled  to  attend  these  classes  at  least  one  day  per 
•week  or  the  equivalent  thereof  and  that  their  working  hours,  if 
employed,  should  be  such  that  this  attendance  would  not  be 
AH  unreasonable  burden. 

Provision  should  be  made  that  illiterate  minors  over  seventeen 
^ears  of  age  should  be  required  to  attend  the  evening  schools. 
The  training  given  should  be  designed  to  encourage  the  child- 
ren of  the  locality  to  enter  the  local  industries  and  to  fit  them  to 
"beconie  expert  workmen  in  those  industries;  thus  the  children 
^would  be  kept  at  home,  would  be  assured  useful  and  successful 
crareers  and  the  local  industries  would  be  kept  in  the  hands  of 
natives  of  the  community. 

LrAWS  OF  Massachusetts  ON  State-Aided  Vocational  Schools 
State  Administration  and  Supervision 

Section  2.  The  board  of  education  is  hereby  authorized  and 
<lirected  to  investigate  and  to  aid  in  the  introduction  of  industrial, 
«igricultural,  and  household  arts  education ;  to  initiate  and  super- 
intend the  establishment  and  maintenance  of  schools  for  the 
aforesaid  forms  of  education ;  and  to  supervise  and  a]^])rove  such 
schools,  as  hereinafter  provided.  The  board  of  education  shall 
make  a  report  annually  to  the  general  court,  describing  the  con- 
dition and  progress  of  industrial,  agricultural,  and  household 
arts  education  during  the  year,  and  making  such  recommenda- 
tions as  the  board  may  deem  advisable. 

TYPES  OF  schools 

Section  3.  In  order  that  instniction  in  the  principles  and  the 
practise  of  the  arts  may  go  on  together,  independent  industrial, 
agricultural  and  household  arts  schools  may  offer  instruction  in 
day,  part-time,  and  evening  classes.  Attendance  ui)on  such  day 
or  part-time  classes  shall  be  restricted  to  those  over  fourteen 
and  imder  twenty-five  years  of  age;  and  upon  such  evening  classes 
to  those  over  seventeen  years  of  age. 
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LOCAL  ADMINISTRATION  AND  CONTROL 

Section  4.  Any  city  or  town  may.  through  its  school  com- 
mittee or  through  a  board  of  trustees  elected  by  the  city  or 
town  to  serve  for  a  period  of  not  more  than  five  years  and  to  be 
known  as  the  local  board  of  trustees  for  vocational  education, 
establish  and  maintain  independent  industrial,  agricultural,  and 
household  arts  schools. 

Section  5.  1.  Districts  composed  of  cities  or  towns,  or  of  cities 
and  towns,  may,  through  a  board  of  trustees  to  be  known  as 
the  district  board  of  trustees  for  vocational  education,  establish 
and  maintain  independent  industrial,  agricultural,  or  household 
arts  schools.  Such  district  board  of  trustees  may  consist  of  the 
chairman  and  two  other  members  of  the  school  committee  of 
each  of  such  cities  and  towns,  to  be  appointed  for  the  purpose 
by  each  of  the  respective  school  committees  thereof;  or  any  such 
city  or  town  may  elect  three  residents  thereof  to  serve  as  its 
representatives  on  such  district  board  of  trustees. 

2.  Such  a  district  board  of  trustees  for  vocational  education 
may  adopt  for  a  period  of  one  year  or  more  a  plan  of  organization, 
administration  and  support  for  the  said  schools,  and  the  plan,  if 
approved  by  the  board  of  education,  shall  constitute  a  binding 
contract  between  the  cities  or  towns  which  are,  through  the  action 
of  their  respective  representatives  on  the  district  board  of 
trustees,  made  parties  thereto,  and  shall  not  be  altered  or  an- 
nulled except  by  vote  of  two  thirds  of  the  board,  and  the  con- 
sent of  the  state  board  of  education  to  such  alteration  or  an- 
nulment. 

Section  6.  Local  and  district  boards  of  trustees  for  vocational 
education,  administering  approved  industrial,  agricultural,  or 
household  arts  schools,  shall,  under  a  scheme  to  be  approved  by 
the  board  of  education,  appoint  an  advisory  committee  composed 
of  members  representing  local  trades,  industries,  and  occupations. 
It  shall  be  the  duty  of  the  advisory  committee  to  counsel  with 
and  advise  the  local  or  district  board  of  trustees  and  other 
school  officials  having  the  management  and  supervision  of  such 
schools. 

REIMBURSEMENT 

Section  8.  Independent  industrial,  agricultural,  and  house- 
hold arts  schools  shall,  so  long  as  they  are  approved  by  the  board 
of  education  as  to  organization,  control,  location,  eqtiipment, 
courses  of  study,  qualifications  of  teachers,  methods  of  instruction, 
conditions  of  admission,  employment  of  pupils,  and  expenditures 
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of  money,  constitute  approved  local  or  district  independent 
V(  cational  schools.  Cities  and  towns  maintaining  such  approved 
local  or  district  independent  vocational  schools  shall  receive 
reimbursement  as  provided  in  sections  nine  and  ten  of  this 
act. 

Section  9.  1.  The  commonwealth,  in  order  to  aid  in  the  main- 
tenance of  approved  local  or  district  independent  industrial  and 
household  arts  schools,  and  of  independent  agricultural  schools 
consisting  of  other  than  agricultural  departments  in  high  schools, 
shall,  as  provided  in  this  act,  pay  annually  from  the  treasury 
to  cities  and  towns  maintaining  such  schools  an  amount  equal 
to  one  half  the  sum  to  be  known  as  the  net  maintenance  sum. 
Such  net  maintenance  sum  shall  consist  of  the  total  sum  raised  by 
local  taxation  and  expended  for  the  maintenance  of  such  a  school, 
less  the  amount,  for  the  same  period,  of  tuition  claims,  paid  or 
unpaid,  and  receipts  from  the  work  of  pupils  or  the  sale  of  pro- 
ducts. 

2.  Cities  and  towns  maintaining  approved  local  or  district 
independent  agricultural  schools  consisting  only  of  agricultural 
departments  in  high  schools  shall  be  reimbursed  by  the  common- 
wealth, as  provided  in  this  act,  only  to  the  extent  of  two  thirds 
of  the  salary  paid  to  the  instructors  in  such  agricultural  depart- 
ments: provided,  that  the  total  amount  of  money  expended  by 
the  commonwealth  in  the  reimbursement  of  such  cities  and  towns 
for  the  salaries  of  such  instructors  for  any  given  year  shall  not 
exceed  ten  thousand  dollars. 

3.  Cities  and  towns  that  have  paid  claims  for  tuition  in  ap- 
proved local  or  district  independent  vocational  schools  shall  be 
reimbursed  by  the  commonwealth,  as  provided  in  this  act,  to  the 
extent  of  one  half  the  sums  expended  by  such  cities  and  towns 
in  payment  of  such  claims. 

Section  10.  On  or  before  the  first  Wednesday  of  January  of 
each  year  the  board  of  education  shall  present  to  the  general 
court  a  statement  of  the  amount  expended  previous  to  the  pre- 
ceding first  day  of  December  by  cities  and  towns  in  the  main- 
tenance of  approved  local  or  district  independent  vocational 
schools,  or  in  payment  of  claims  for  tuition  in  such  schools,  for 
which  such  cities  and  towns  should  receive  reimbursement,  as 
provided  in  this  act.  On  the  basis  of  such  a  statement  the 
general  court  may  make  an  appropriation  for  the  reimbursement 
of  such  cities  and  towns  up  to  such  first  day  of  December, 
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III.     DESCRIPTION  OF  A  FEW  TYPICAL  VOCATIONAL 

AND  INDUSTRIAL  SCHOOLS 


The  few  schools  hereafter  described  were  selected  for  the  dual 
reason  that  they  illustrate  types  and  because  information  con- 
cerning them  was  readily  available  to  the  committee.  There 
are  numbers  of  other  schools  which  would  have  served  the  pur- 
pose equally  well  and  which  are  fully  as  efficient. 

A.  Certain  Schools  in  New  York  City 

Pratt  Institute.  This  Brooklyn  private  school,  founded  by 
Charles  M.  Pratt  in  1887  and  now  under  the  control  of  his  six 
sons,  is  adequately  endowed  and  gives  day  and  evening  instruc- 
tion to  over  four  thousand  students.  There  are  at  present  five 
divisions  of  instruction.  Among  these  is  the  '  *  School  of  Science  and 
Technology  '*  which  offers  thorough  practical  courses  planned 
to  meet  the  needs  of  four  different  classes  of  students: 

**  First.  Day  Industrial  Courses  in  Mechanics,  Electricity, 
and  Chemistry,  for  young  men  who  cannot  afford  the  time  and 
expense  required  for  four-year  college  or  engineering  courses, 
but  who  arc  nevertheless  ambitious  to  fill  positions  above  the 
grade  of  skilled  mechanics  in  manufacturing  and  industrial 
plants. 

'*  Second.  Day  Trade  Courses  in  Machine  Work,  Carpentry 
and  Building,  and  Tanning,  for  those  who  wish  practical  and 
theoretical  instruction  in  these  trades. 

"  Third.  Evening  Technical  Courses  for  those  employed 
during  the  day  in  mechanical,  electrical,  and  chemical  industries 
and  related  occupations. 

**  Fourth.  Evening  Trade  Courses  for  apprentices  and 
journeymen. 

'*  The  courses  offered  are  as  follows: 

Day  Industrial  Courses 

Steam  and  Machine  Design  A  two-year  course 
Applied  Electricity  A  two-year  course 

Applied  Chemistry  A  two-year  course 

Applied  Leather  Chemistry  A  one-year  course 

Day    Trade    Courses 

Machine  Construction  A  one- year  course 

Carpentry  and  Building  A  one-year  course 

Tanning  A  one-year  course 
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Evening  Technical  Courses 

Technical  Chemistry  Industrial  Electricity 

General  Chemistry  Electricity  and  Mechanics 

Qualitative  Analysis  Electrical  Machinery 

Quantitative  Analysis  Electrical  Design 

Organic  Chemistry 

Mechanical  Drawing  and  Practical  Electricity 

Machine  Design  Practical  Mathematics 

Mechanical  Drawing  Steam  and  the  Steam  Engine 

Machine  Design  Strength  of  Materials 
Mechanism 

Evening  Trade  Classes 

Machine- Work  Sheet-Metal  Work 

Tool- Making  Plumbing 

Carpentry  and  Building  Advanced  Wood- Working  for 

Pattern-Making  Teachers " 

Requirements  for  admission  to  these  courses  are  based  largely 
upon  the  personality  of  the  applicant  rather  than  upon  his  prior 
scholastic  achievements.  A  moderate  honorarium  is  charged 
for  each  course. 

The  purpose  of  the  school  is  to  reach  and  help  all  classes  of 
practical  workers,  both  artists  and  artisans,  and  to  give  every 
student  practical  skill  along  some  line  of  work.  As  a  rule  the  in- 
struction is  intended  to  be  more  theoretical  and  less  practical 
than  that  usually  given  in  trade  schools,  whereas  it  is  more 
practical  and  less  theoretical  than  that  usually  given  in  engi- 
neering schools  and  colleges.  This  type  of  instruction  is  a 
unique  feature  of  the  Institute's  work  and  its  conception  was 
inspired  by  the  personal  experiences  of  its  founder,  who  was  a 
self-made  man  of  unusual  breadth  and  power,  and  who  started 
life  as  a  machinist.  In  this  connection  there  appear  the  following 
statements  in  a  report  by  Samuel  S.  Edmands  from  the  Depart- 
ment of  Science  and  Technology: 

**  The  trained  workers  in  the  electrical  and  mechanical  fields 
are,  in  a  general  way,  divided  into  three  different  classes,  the 
first  and  highest  comprising  the  comparatively  few  men  of 
superior  ability  and  attainments  who  originate  and  direct  opera- 
tions requiring  the  services  of  many.  In  this  class  we  find  the 
engineering  experts,  designing  and  consulting  engineers,  and 
many  others  who  bear  the  prime  responsibility  for  the  successful 
operation  of  industrial  and  engineering  enterprises.     The  third 
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and  last  class  is  composed  of  the  skilled  laborers  and  trained 
mechanics.  Between  the  highest  and  lowest  class  there  is  a 
constantly  widening  field,  the  workers  in  which  constitute  the 
second  class  and  occupy  positions  secondary  and  subordinate 
to  the  members  of  the  first  class,  but  nevertheless  of  great  im- 
portance. They  are  the  assistants  to  the  engineers,  the  super- 
visors of  skilled  labor,  or  the  specialists  performing  operations 
requiring  a  degree  of  knowledge  and  training  in  excess  of  that 
possessed  by  those  in  the  third  class.  The  commercial  demand 
for  technically  trained  workers  of  this  second  or  intermediate 
grade  is  keen,  and  it  is  to  afford  a  means  for  them  to  obtain  the 
training  that  they  need  that  the  two-year  technical  courses  in 
the  Institute  are  primarily  intended." 

During  1910  the  National  Association  of  Tanners,  desiring 
to  affiliate  with  some  educational  institution  in  the  formation 
of  a  tanning  school,  found  that  the  Pratt  Institute  was  pre- 
pared to  train  young  men  for  its  employ  in  the  manner  desired. 

The  formal  report  of  the  Tanning  School  Committee  of  this 
association  contains  an  outline  of  the  equipment  and  courses  of 
instruction  proposed  by  Pratt  Institute.  Its  study  is  recom- 
mended to  those  interested  in  the  formation  of  effective  indus- 
trial curricula. 

Public  Schools.  There  are  three  public  high  schools  in  New 
York  City  which  offer  opportunities  for  instruction  in  vocational 
subjects,  Stuyvesant,  at  245  E.  15th  St.,  Manhattan,  for  boys  and 
men,  Manual  Training,  on  7th  Ave.,  Brooklyn,  for  boys  and  girls, 
and  Bryant,  on  Wilbur  Ave.,  Long  Island  City,  for  boys  and  girls. 
The  courses  of  study,  which  are  directed  towards  the  technical 
industries,  are  similar  to  the  ordinary  high  school  courses,  ex- 
cept that  biology  and  history  are  omitted  and  manual  training 
is  given  throughout  four  years. 

Applied  Mechanics.  Steam,  and  Electricity  forms  a  special 
course  at  Stuyvesant  which  is  given  to  fourth-year  students  and  is 
open  only  to  students  of  exceptional  ability.  It  is  designed  to  pre- 
pare its  graduates  for  giving  efficient  service  immediately  after 
leaving  the  school.  The  physical  equipment  of  all  these  schools  is 
adequate  for  the  purpose  and  the  laboratories  are  better  equipped 
with  apparatus  than  many  engineering  colleges,  as  will  be  evi- 
dent after  an  inspection  of  the  accompanying  illustrations  of  the 
engine  room  at  Stuyvesant.  Though  such  extensive  facilities 
as  shown  in  the  illustration  are  desirable  it  should  be  distinctly 
tind^rstood  that  much  excellent  and  practical  industrial  instruc- 
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tion  can  be  given  with  simple  and  quite  inexpensive  equipments. 
No  community,  therefore,  need  be  deterred  from  entering  upon 
this  kind  of  educational  work  because  of  the  burden  of  the  pri- 
mary plant  cost. 

The  day  instruction  at  this  school  is  duplicated  in  the  evening 
with  some  modifications,  attending  students  being  of  the  same 
general  class  as  the  day  students  but  being  commonly  from  8  to  10 
years  older.  The  evening  instruction  has  for  its  motive  increased 
earning  capacity  of  the  student.  Besides  preparing  some  even- 
ing students  for  entrance  to  college,  others  are  fitted  for  positions 
in  the  trades.  The  effectiveness  and  characteristics  of  this  work 
may  be  judged  from  the  data  contained  in  the  foregoing  table, 
which  is  based  upon  information  supplied  by  the  students  and 
which  refers  to  the  academic  year  1910-11. 

B.    A  Few  Schools  Situated  in  the   Middle  and   New 

England  States. 

The  Privately  Endowed  Industrial  School.  As  an  example 
of  the  recent  development  in  privately  endowed  trade  schools, 
Wentworth  Institute,  of  Boston,  Mass.,  may  be  considered  as 
representative  of  modem  ideas.  The  Institute  is  designed  to 
be  a  high-grade  trade  school,  that  is,  one  which  places  a  ra- 
tional scientific  foundation  under  the  direct  preparation  for 
mechanical  trades  and  industry.  The  Director  states  that  the 
aim  is  to  develop  artisans  and  skilled  mechanics,  and  also  to 
train  men  who  wish  to  become  inspectors,  shop  foremen,  master 
mechanics,  and  superintendents  in  industry. 

As  a  school  of  this  kind  attracts  young  men  of  all  kinds  of 
preparation,  the  courses  have  to  be  adapted  to  various  needs. 
There  are,  therefore,  short  one-year  day  courses  for  beginners  and 
others  with  little  practical  experience,  two-year  day  courses 
for  those  with  some  experience  who  wish  to  train  themselves  for 
positions  of  foremanship  grade,  and  also  evening  courses  where 
men  employed  in  mechanical  occupations  during  the  day  may 
either  increase  their  skill  and  practical  knowledge  of  their  trade 
or  study  such  supplementary  subjects  as  will  help  them  to  ad- 
vance to  more  responsible  positions.  While  the  school  has  been  in 
operation  but  a  few  months,  those  in  charge  of  it  have  had  long 
experience  in  somewhat  similar  schools,  so  that  the  plans  and 
methods  of  instruction  may  be  considered  in  no  way  experi- 
mental. The  following  facts  dealing  with  the  organization  of  the 
school  and  the  results  thus  far  accomplished  will,  therefore,  be 
of  interest. 
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Trades  Taught.  After  a  study  of  the  probable  demand  for 
instruction  the  faculty  of  the  Institute  selected  the  following 
trades  for  the  day  courses.  In  the  building  trades — carpentry, 
plumbing,  and  electric  wiring;  in  the  manufacturing  trades — 
machine  work,  foundry  practise,  and  pattern-making;  also, 
electrical  construction  for  those  who  wish  to  become  foremen  in 
electrical  industries,  and  machine  construction  for  those  who 
wish  to  become  foremen  in  mechanical  industries.  While  in  the 
case  of  foimdry  practise,  especially,  great  doubt  was  felt  as 
to  whether  American  boys  could  be  made  to  see  its  scope, 
the  possibilities  of  future  development  in  the  industry  made 
this  trade  of  importance.  The  class  in  foundry  practise  has 
proved  one  of  the  most  successful  of  the  day  courses. 

For  boys  employed  during  the  day,  evening  classes  are  pro- 
vided. For  those  who  wish  to  perfect  themselves  in  mechan- 
ical skill  and  practical  knowledge  of  their  trade,  courses  are 
offered  in  carpentry,  pattern-making,  machine  work,  tool-mak- 
ing, foundry  practise,  electric  wiring,  and  plumbing;  and  for 
those  who  wish  to  supplement  their  knowledge  and  prepare  them- 
selves for  more  responsible  positions,  there  are  courses  in  practical 
mathematics,  mechanical  drawing,  machine  design,  practical 
mechanics,  strength  and  properties  of  materials,  the  steam  engine 
and  the  operation  of  power  plants,  applied  electricity,  and  elec- 
trical machinery. 

Selection  of  Students,  Although  the  buildings  and  equipment 
of  the  Institute  were  hardly  completed  in  September,  1911,  more 
than  three  times  as  many  applicants  as  could  be  accommodated 
appeared.  In  selecting  from  this  large  number,  personal  inter- 
view and  oral  questioning  were  the  only  practicable  means.  All 
academic  standpoints  of  scholarship  and  skilled  attainments 
were  discarded  and  the  attempt  was  made  to  measure  the  appli- 
cant's forcefulness,  seriousness  of  purpose,  and  adaptability  to 
the  trade  selected.  In  this  way  an  earnest  body  of  students 
was  picked  out. 

Selection  of  Teachers,  Of  the  18  men  who  constitute  the 
day  school  faculty,  eight  have  charge  of  shop  instruction. 
Six  of  the  eight  have  special  qualifications  for  this  work,  having 
occupied  responsible  industrial  positions.  The  other  teachers 
are  school  and  college  trained  and  they  have  had  wide  experi- 
ence in  industrial  work.  As  the  success  of  an  institution  like 
this  depends  largely  on  the  teachers  every  eflort  has  been  made 
to  get  those  properly  equipped  for  this  work. 
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Typical  Curriculum.     Following  is  a  typical  curriculum  whi 
shows  clearly  the  scope  of  the  work  of  this  institution : 

A  typical  curriculum  for  a  one-year  cotu^e  is  as  follows: 

Hours  per  week 

Pall  Winter         Spring 

term  term  term 


Shop  practise  in  machine-tool  work, 
machine  construction,  bench  work  and 
tool-making,  principles  and  practise  of 
forging,  tempering  steel,  foundry  practise 
and  pattern-making 20  20  20 

Mechanical  drafting  and  blue  print 
reading 6  f>  6 

Practical  mechanics,  materials  of  con- 
struction, and  power  transmission,  etc.. 
(recitations  and  laboratory  practise) 9  9  9 

Practical  mathematics,  machine  shop 
computations b  5  5 

A  typical  curriculum  for  two-year  courses  is  as  follows: 

FIRST    YEAR 

Hours  per  week 

Fall  Winter        Spring 

term  term  term 

Practical  Mechanics: 

Recitations 5  5  6 

Laboratory  practise 8  8 

Electrical   Motors  and   Appliances: 

Principles  of  construction  and  operation. 

Recitations 5 

Laboratory 8 

Mechanical  Drafting: 

Shop  drawing  and  machine  details 8  8  8 

Practical  Mathematics: 

Shop  computations  and  use  of  formulas.  5  5  5 

Shop  Practise: 

Moulding  and  foundry  work H  4 

Pattern  making 4  8 

Forging  and  tempering (» 

Machine  tool  work 0  6 
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SECOND    YEAR 

Hours  per  week 

Fall  Winter         Spring 

term  term  term 

Applied  Mechanics: 

Mechanism  of  machinery,   materials  of 

construction,    transmission    of  power, 

plant  care  and  operation,  etc. 

Recitations 5  6  5 

Laboratory 8  8  8 

Machine  Sketching: 

Tool  and  jig  design 6.  6  6 

Advanced  Practical  Mathematics,  includ- 
ing useful  applications  of  algebra, 
geometry,  and  trigonometry 5  5  5 

Advanced  Shop  Practise: 

Machine  construction 10  4  4 

Tool  making ft  tt 

Optional 

Advanced  jig  and  tool  making 6  ft  6 

or 
Advanced  machine  construction 6  ft  6 

Note  :  In  the  two-year  courses  a  considerable  portion  of  the 
laboratory  work  is  actual  construction  and  for  that  reason  the 
time  spent  in  shop  practise  is  somewhat  reduced. 

Vocational  Instructioii  under  the  Direction  of  the  New  York 
State  Department  of  Education.  In  1908  a  law  was  passed 
by  the  legislature  of  New  York  State  (already  referred  to  in 
Section  II)  providing  for  vocational  and  trade  instruction 
in  public  schools.  To  put  this  law  into  effect  the  New 
York  State  Education  Department  organized  a  separate 
division  of  trade  schools  under  the  supervision  of  a  chief. 
This  division  endeavors  to  keep  in  touch  with  the  various  labor 
organizations  and  with  the  manufacturers  with  a  view  to  the 
promotion  of  education  of  such  a  nature  that  the  young  people 
of  the  state  will  be  fitted  to  take  up  employment  in  the  industries 
with  the  greatest  possible  efficiency. 

The  Department  of  Education  recognizes  two  divisions  of  this 
field:  (1)  There  are  young  people  from  12  to  16  who  need  indus- 
trial education  of  a  preliminary  character.  At  this  age  young 
people  are  of  little  value  in  the  industries,  but  they  are  of  an  age 
suitable  for  the  acquirement  of  the  fundamental  principles  of 
industry.  Assuming  that  the  ordinary  school  subjects  of  read- 
ing,  spelling,  writing,  arithmetic,  etc.,  have  been  fairly  well 
mastered,   the   applications    of  these   fundamental  studies  to 
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shop    work,    shop    accounts,  business  subjects,  etc.,  may 
profitably  emphasized.     It  is  not  the  aim  in  this  part  of  th^^  -^^ 
work  to  teach  trades,  but  by  means  of  manual  training,  drawin^^  -^% 
and  other  practical  studies,  the  elements  of  all  trades  are  taught  .^^"-^• 

Under  the  law  of  1908  a  number  of  vocational  high  schools  X'-^^s 
have  been  organized,  including  a  school  at  Albany  near  the  head—  ^i^' 
quarters  of  the  State  Department  of  Education.     The  Albanj^^'-^'^y 
school  is  considered  typical,  and  will  be  treated  in  more  detaiti-^^ad 
later. 

(2)  The  second  division  of  industrial  training  recognized  by^^  ^zii^y 
the  Board  of  Education  is  instruction  in  the  trades.  New  York>X*^^^*^ 
State  contains  a  large  number  of  groups  of  industrial  workersss^'^^^rs 
engaged  in  printing,  textile  industries,  shoe  manufactiu*e,  ready — ^^^Y" 
made  clothing  manufacture,  manufacture  of  electrical  apparattis,^  ^^-■s, 
iron  working,  paper  manufacture,  etc.  These  groups  need  re — ^^^' 
emits  especially  prepared  for  their  specialties.  In  addition  jC^^^^^ 
to  the  general  preparation  given  by  the  vocational  high  school,  «.  X-^l* 
which  is  supposed  to  prepare  the  way  for  all  trades  and  business 
activities,  there  are  many  special  subjects  which  should  be 
studied  in  order  to  make  intelligent  workers  in,  say,  the  print- 
ing business,  shoe  manufacture,  or  electrical  machinery  manu- 
factiu-e. 

The  State  Department  of  Education  has  made  a  real  beginning 
in  the  first  division  of  its  field  mentioned  above.  State  aid 
is  given  to  schools  which  qualify  under  the  law.  In  the  8th 
annual  report  of  the  Department,  Mr.  A.  D.  Dean,  Chief  of  the 
Division  of  Vocational  Schools,  states  as  follows: 

"  The  Intermediate  hidustrial  School,  The  plan  as  now  oper- 
ating provides  that  five-twelfths  of  the  school  program  shall  be 
given  over  to  the  shop,  laboratory  and  drawing  instruction  and 
that  the  remaining  seven-twelfths  be  devoted  to  "  book  studies," 
which  practically  amounts  to  saying  that  the  pupils  shall  for  the 
remainder  of  the  time  take  the  regular  elementary  school  studies 
corresponding  to  the  seventh  and  eighth  grades.  These  studies 
are  related  to  the  industrial  studies  as  far  as  is  possible.  Both 
boys  and  girls  have  similar  work  in  English  and  history.  The 
arithmetic  course  for  boys  differs  from  that  for  girls.  The 
geography  is  viewed  as  an  outgrowth  of  the  life-long  problem  of 
providing  food,  clothing,  and  shelter.  The  physiology  is  studied 
from  the  view-point  of  hygiene  and  sanitation  rather  than  the 
structural  only.  The  shop,  laboratory,  and  drawing  work  differs 
with  the  sex  considered. 


1912]  INDUSTRIAL   EDUCATION  1333 

Vocational  Courses  in  the  High  School,  The  Education  Depart- 
ment proposes  a  plan  by  which  an  average  high  school  now  teach- 
ing college  preparatory,  commercial,  industrial,  and  home-making 
subjects  can  economically  and  effectively  develop  courses  of  in- 
struction which  shall  have  a  well-blended  liberal  and  vocational 
training.  Instead  of  these  schools  offering  commercial,  indus- 
trial, and  home- making  subjects  it  is  arranged  so  that  they  offer 
well-defined  courses  for  pupils  who  seek  different  destinations. 
A  certain  amount  of  the  work  is  common  to  all  these  courses  and 
consists  of  the  prescribed  studies  which  are  deemed  essential  to  a 
sound  and  symmetrical  education  and  which,  under  normal  con- 
ditions, should  be  prescribed  for  all  pupils  in  a  secondary  school. 
These  prescribed  studies  are  English  for  four  years,  English 
history  with  civics,  algebra,  plane  geometry,  biology,  and  physics. 
Another  division  consists  of  such  elective  subjects  as  may  be 
necessary  for  pupils  seeking  different  destinations. 

The  "  industrial  and  agricultural  purpose  ''  courses  have  inten- 
sive courses  in  the  agricultural  and  manual  arts  and  drawing. 
The  "  home-making  purpose  '*  course  is  rounded  out  with  strong 
courses  in  domestic  science  and  art,  household  decoration,  sanita- 
tion, and  personal  hygiene.  It  cannot  be  emphasized  too  often 
that  a  vocational  course  does  not  consist  merely  of  vocational 
subjects  thrown  at  random  into  a  high  school  system.  The  voca- 
tional piupose  must  be  satisfied  by  a  definite  course. 

The  law  states  clearly  certain  conditions  which  a  vocational 
school  must  meet  in  order  to  be  considered  as  entitled  to  special 
State  aid.  (1)  It  must  be  independently  organized —  not  neces- 
sarily a  separate  building  but  most  assuredly  established  with  a 
distinct  vocational  purpose  in  mind;  (2)  it  must  have  an  enrol- 
ment of  at  least  25 ;  (3)  it  must  employ  the  full  time  of  a  teacher 
and  (4)  it  must  have  a  course  of  study  meeting  the  approval  of 
the  Commissioner  of  Education.  The  first  three  conditions 
admit  of  no  changes  and  are  to  be  enforced  in  all  places  without 
variation  from  the  word  of  the  law.  The  fourth  condition  allows 
for  considerable  latitude  and  discretion.  The  course  of  study 
is  not  defined  by  the  law;  it  may  vary  in  different  localities  and 
connect  with  the  different  local  industries,  which  vary  in  different 
parts  of  a  great  State.  The  course  of  study  in  agriculture  and 
related  subjects  may  emphasize  dairying  in  St.  Lawrence  county, 
and  fruit  growing  in  Ontario  county.  An  industrial  course 
may  concern  itself  with  the  shoe  industry  of  Rochester  or  the 
knitting  mills  of  Utica;     it  may  omit  mechanical  drawing  in 
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Gloversville  and  emphasize  it  in  Schenectady.     The  vocationn'  ^"g  al 
training  may  be  of  rather  the  general  industrial  nature  in  Alban>^^  -«ny 
or  have  its  specific  trade  aspects  in  Lackawanna.    The  only  pointas  ,^"  ^ts 
that  need  to  be  considered  in  the  establishment  of  such  a  schoor<z:>^>ol 
course  in  a  high  school  system  are:  (1)  Is  it  established  to  mee*' 
the  vocational  purposes  in  education?     (2)  Does  it  meet  the  re-: 
quirements  of  the  law? 

The  New  York  Department  has  ruled  that  five-twelfths  of  th^-cJ^he 
weekly  program  of  a  vocational  school  department  must  be  giverm-^^^ven 
over  to  the  vocational  studies  chosen  for  the  elective  group<ix-*^-'^P- 
This  particular  ratio  was  settled  upon  after  considering  two^^^i^wo 
propositions:     (1)   The  present  requirements  for  an  academic i:-C"^^nic 
diploma  call  for  41  counts  in  certain  studies,  primarily  liberalC-^^^al. 
These  counts  closely  approximate  seven-twelfths  of  the  totals- -^'^I 
number,  72,  required  for  a  diploma.     (2)  Vocational  training  o^:3>       of 
high-school  grade  demands  a  certain  amount  of  liberal  training^^^  -^^g^- 
Preparation  for  a  vocation  should  have  academic  recognitiorm  <^^^on 
through  a  diploma  if  the  work  is  of  high  school  grade.     The  plac-  -c3^-^c- 
ing  of  the  ratio  five-twelfths  vocational  to  seven-twelfths  libera-^^'^^' 
will  satisfy  the  time  elements  of  both  divisions  of  the  course  ot^^^^  ^^ 
study.     Consequently  the  pupils  in  the  vocational  school  cours^*^^^""^ 
have  the  same  liberalizing  studies,  or  their  equivalent,  as  dcz^^^^ 
pupils   in    other    courses.     They    take    the    same    department^'  -■-  -"^^ 
examinations  in  English,  history,  algebra,  geometry,  and  biologj^^"^^ 
when  they  follow  the  same  syllabus  as  other  pupils.     When  th^^-^^^ 
school  offers,  as  it  should,  special  and  practical  courses  in  mathe —  ^^^" 
matics  and  science  beyond,  or  in  place  of,  those  just  mentioned^  W^^f 
the  work  is  inspected  and  if  the  definite  outlines  submitted  to^^^^^^ 
the  Department  are  satisfactory,  if  the  teacher  is  trained  for  his^^  -*^ 
work,  and  if  it  is  seen  that  he  can  make  direct  and  useful  applica- 
tions of  the  abstract  to  the  concrete  shop,  laboratory,  or  field 
work  of  the  home  and  the  school,  then  the  Department  grant s^^^ 
credits  without  examination.     No  examinations  are  given  in  the     "^ 
vocational  subjects  proper. 

There  are  now  35  industrial  and  trade  schools,  employing  145 
teachers.  These  schools  have  a  day  enrolment  of  3370  pupils  and 
an  evening  enrolment  of  2933  pupils,  or  a  total  enrolment  of  6303 
pupils.  There  are  527  other  pupils  using  the  equipment,  but 
not  enrolled  in  these  schools.  ^ 

The  Albany   Vocational  School   is  one  of  the  most  advanced        j 
of   these   institutions.      It  was   organized    soon    after  the  law 
of  1908  went  into  effect.     It  started  with  one  hundred  pupils 
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sdected  from  a  large  number  of  applicants  prepared  in  the  lower 
schools.  The  equipment  of  the  school  does  not  differ  materially 
from  that  of  manual  training  high  schools,  but  very  much  greater 
prominence  is  given  to  the  manual  part  of  the  course.  This 
equipment  comprises  a  wood  shop  with  the  necessary  benches, 
bench  tools,  saw  bench,  band  saw,  speed  lathes,  and  accessories, 
all  electrically  driven.  A  home-making  department  uses  cook- 
ing tables,  gas  stoves,  and  other  necessities  of  the  home,  for  in- 
struction in  domestic  arts. 

Book-work  is  not  neglected,  but  it  has  a  practical  aspect. 
For  example,  in  the  study  of  algebra  the  formulas  are  stated  in 
terms  of  the  workshop  and  complicated  equations  are  solved 
graphically.  The  formulas  studied  deal  with  such  applications 
as  electricity,  mechanics,  and  engine  practise.  In  mensuration, 
areas  are  studied  by  reducing  plane  figures  to  equivalent  triangles, 
by  counting  squares  when  figures  are  drawn  on  squared  paper,  by 
weighing  similarly  shaped  areas  cut  from  cardboard,  sheet  lead, 
or  iron.  In  scientific  subjects  like  physics  everyday  applica- 
tions are  studied.  Among  these  may  be  mentioned  the  radia- 
tion from  water  supply  pipes,  practical  use  of  exhaust  steam, 
steam  boilers,  and  heating  and  ventilating. 

Industrial  work  in  this  school  is  not  confined  to  boys,  but  the 
needs  of  girls  are  carefully  considered.  The  work  for  girls  com- 
prises housekeeping,  sewing  and  design.  The  fundamental 
scientific  principles  underlying  the  household  arts  are  taken  up. 
Girls  are  taught  to  use  their  hands  as  well  as  their  heads. 

While  the  Albany  school  has  been  in  operation  but  a  short 
time,  it  has  apparently  demonstrated  the  soundness  of  the  prin- 
ciples upon  which  it  is  founded. 

C.  Typical    Electrical    Operating    Corporation    Schools 

New  York  Telephone  Company.  This  company  gives  five 
courses  of  instruction  to  its  employees,  maintaining  continuously 
(1)  a  school  for  operators,  and  (2)  a  school  for  instrument  inspec- 
tors and  installers;  and  offering  periodically,  as  occasion  may 
demand,  (3)  a  course  for  cable  splicers  and  wircmen,  (4)  a 
course  for  salesmen  and  employees  of  the  Commercial  Depart- 
ment, and  (5)  a  course  for  college  men  employed  in  various 
capacities  in  the  Plant,  Traffic,  and  Engineering  Departments. 

The  first  three  courses  are  directed  towards  the  instruction  of 
the  employees  in  the  performance  of  the  specific  duties  for  which 
they  are  employed.     The  other  courses  are  directed  toward 
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extending  the  information  of  the  employees  so  as  to  give  them  a 
perspective  view  of  the  policies  and  many  correlated  activities 
of  the  company. 

The  instruction  in  the  operators*  school  consists  of  a  series 
of  lectures,  each  followed  by  practise  at  a  special  school  switch- 
board of  standard  construction.  The  course  lasts  for  four  weeks; 
the  first  week  is  devoted  to  simple  calls  from  one  direct  line 
to  another;  the  second  is  devoted  to  more  complicated  calls,  such 
as  emergency,  party  line,  official,  and  telegram  calls,  and  those 
involving  an  imdersjtanding  of  the  meanings  of  switchboard 
markings;  the  third  is  devoted  to  calls  from  automatic  pay 
stations,  to  busy  or  unanswered  calls  and  to  trouble  reports; 
and  the  foiu"th  week  is  devoted  to  a  review. 

The  instruction  in  the  school  for  inspectors  and  installers 
comprises  lectures,  work  with  standard  apparatus  that  has  been 
specially  modified  for  the  introduction  of  troubles,  and  work  as 
helpers  in  the  field.  There  are  six  grades  of  instruction  differen- 
tiated from  each  other  by  the  greater  or  less  complexity  of  the 
involved  apparatus  or  circuits.  Not  all  of  the  employees  in  this 
line  are  required  to  take  all  grades. 

The  course  for  salesmen  and  employees  of  the  Commercial 
Department  consists  of  lectiu"es  and  observations.  It  is  directed 
so  as  to  give  information  concerning  the  organization  of  the 
company,  its  territory,  the  correlation  of  its  departments,  central 
office  operation  and  traffic  troubles,  accounting,  ledger  routine, 
adjustments,  advertising,  rates,  contracts,  renewals,  office 
practise,  orders,  collections,  canvassing,  and  salesmanship. 

College  men  are  usually  employed  for  engineering  positions, 
for  construction  work,  or  as  central  office  managers.  Instruction 
is  given  to  them  through  informal  talks  and  through  observation. 
They  are  required  to  make  written  reports  upon  their  observa- 
tions. They  are  also  questioned  so  as  to  determine  their  under- 
standing concerning  the  work.  The  following  schedule,  indicat- 
ing the  nature  of  the  course  which  is  taken  by  those  who  enter 
the  Engineering  Department,  has  been  obtained  through  the 
courtesy  of  Mr.  H.  C.  Carpenter: 

New  York  Telephone  Company 

instruction  course 
operating —  3  weeks 

a.  Course  in  the  Operators'  School,  2  weeks;  the  afternoon 
being  spent  in  listening  in  for  about  1  week  at  the  "  A  '*  board 
and  for  1  week  at  the  **  B  *'  board  at  the  Spring  office. 
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b.  Listening  in  at  various  toll  board  positions,  information 
desks,  and  "  A  "  and  **  B  '*  boards  at  other  offices,  1  week. 

Maintenance  of  Common  Battery  Central  Offices —  2  weeks 

To  gain  a  general  knowledge  of  the  wire  chief  *s  work  and  of 
the  functions  of  the  various  pieces  of  apparatus. 

fnstrument  Installation  and  Inspection —  2  weeks 

To  include  a  special  course  for  one  week  in  the  Instrument 
' '■astaller's  School  in  New  York  and  a  week  on  installation  and 
inspection  work,  including  private  branch  exchange  installations. 

^^^ole  Line  Construction —  3  weeks 

Placing  new  and  replacing  existing  poles,  crossarms  and  other 
L:xtures,  highway  and  interior  block. 

_   Making  transpositions,  including  phantom  circuit  transposi- 
i  ons. 

Stringing  wire  and  removing  dead  wire. 
Placing  and  splicing  aerial  cables  and  terminals. 
Joint  construction  with  electric  light  and  power  lines. 
Protection  against  high-tension  lines. 

^^^oop  Construction —  i  week 

Special  attention  is  given  to  the  methods  of  distributing 
i"om  crossarms,  iron  brackets,  and  from  joint  lines  with  an 
'lectric  light  company;   distribution  through  trees. 

Subway  and  Subsidiary  Work —  1  week 

To  include,  if  possible,  both  light  and  heavy  subway  construc- 
ion  in  city  and  country,  special  attention  being  given  to  the 
Lrrangement  of  manholes,  duct  formation,  and  the  kinds  of 
^laterial  used.  (If  no  heavy  subway  construction  in  congested 
streets  is  under  way  while  the  student  is  taking  the  course,  a 
lay  or  two  of  this  time  may  be  spent  with  the  Empire  City 
Subway  Company.) 

Placing  and  Splicing  Cable —  3  weeks 

Placing  cables  in  subways  and  subsidiaries. 

Removing  cables  from  subways. 

Placing  interior  block  cables. 

Placing  house  cables. 

Placing  submarine  cables. 

Straight  splicing. 

Potheads  of  both  okonite  and  switchboard  cable  (when  made 
Dn  the  job). 

Test  of  splicing,  including  throw  and  tap  work,  special  atten- 
tion being  given  to  the  methods  of  testing  working  and  dead 
enables. 

Block  splicing. 

Wiring  Work —  1  week 

Half  tap. 

Block  rewiring  and  reconcentration. 

Cutting  in  potheads  in  central  offices  and  in  buildings. 
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Galvanometer  Work —  \  week 

To  gain  a  general  knowledge  of  the  tests  made,  and  also  the 
method  of  locating  faults. 

Outside  Trouble  Hunting —  J  week 

To  gain  a  general  knowledge  of  the  kind  of  troubles  met  with, 
and  the  methods  of  locating  and  clearing  them. 

Plant  Engineering  and  General  Office  Work —  5  weeks 

This  is  to  gain  a  general  knowledge  of  the  work  of  the  plant 
engineer,  of  the  methods  of  accounting,  and  of  the  organization 
of  the  Plant  and  other  departments.  It  is  suggested  that  these 
five  weeks  be  spent  about  as  follows: 

1  week  in  learning  the  nature  of  the  plant  engineer's  work, 
the  preparation  of  spider  maps,  character  maps,  and  getting 
familiar  with  joint  use  agreements  and  division  instructions. 

\\  weeks  working  with  an  assistant  to  one  of  the  district 
engineers  on  such  jobs  as  may  be  under  consideration,  if  possible 
letting  the  student  do  some  small  job  himself  so  that  he  may 
become  familiar  with  the  methods  of  planning  relief  and  reaching 
new  territory. 

1  week  on  block  work — spending  about  a  third  of  the  time 
in  inspecting  block  work,  which  should  include  both  short  pole 
line  construction  and  fence  runs  so  as  to  become  familiar  with 
the  general  layout  of  interior  block  cable.  The  remainder  of  the 
time  may  be  spent  with  the  block  engineer  in  making  new 
blocks  and  relief  of  existing  blocks,  in  estimating  the  cost  of  the 
work,  and  finally  in  the  making  out  the  necessary  permits  for 
the  Way  leaves  Department. 

J  week  in  learning  how  to  overcome  inductive  disturbances  on 
telephone  lines,  in  studying  exposures  and  methods  of  cutting 
in  transpositions  on  ordinary  circuits  and  for  phantoms. 

1  week  with  the  Accounting  Department — learning  how  the 
material  is  ordered  from  the  storerooms  and  from  the  manu- 
facturing  company,  and  the  accounting  of  the  material  and 
labor  under  estimates;  also  learning  how  records  of  the  Plant 
Department  arc  kept,  such  as  attachments  to  foreign  poles, 
card  records,  statistics,  and  records  of  trunks. 

Traffic  Department —  2J  weeks 

Work  of  the  traffic  engineer. 

Rainy  Weather, 

During  rainy  weather,  the  student  goes  to  one  or  more  repair 
shops  to  become  familiar  with  the  work  done  in  them  and  to  see  the 
making  up  of  cable  forms,  cable  head  boxes,  repairing  apparatus; 
also  to  gain  a  knowledge  of  the  stock  rooms  and  the  methods  of 
issuing  and  crediting  material  recovered. 

New  York  Edison  Company.  Under  the  auspices  of  the  Asso- 
ciation of  Employees  of  the  New  York  Edison  Company,  there  is 
offered  free  to  any  employee  of  the  company  a  theoretical  and 
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practical  course  in  electricity  extending  over  three  years  and 
including  fifteen  two-hour  weekly  exercises  each  year.  The 
upper  portion  of  one  of  the  company's  substation  buildings 
contains  a  fine  auditorium,  a  well  equipped  laboratory,  and  a 
carefully  selected  and  growing  reference  library.  Members  o( 
the  test  department  give  instruction  during  every  evening  and 
on  one  afternoon  during  fifteen  weeks  of  the  year,  commencing 
about  the  middle  of  November.  There  has  been  prepared  a 
separate  printed  and  illustrated  instruction  sheet  for  each  exercise, 
the  nature  of  which  can  be  inferred  from  the  titles  given  in  the 
follo\^nng  table  furnished  by  Mr.  H.  G.  Stott. 

Course  1 

1 .  Uses  and  Properties  of  Electric  Currents. 

2.  Measuring  and  Controlling  Electric  Currents. 

3.  Connections  and  Types  of  Circuits. 

4.  Magnetic  Fields  and  Magnets. 

5.  Conductors  and  Resistors. 

6.  Voltmeter  Adjustments  and  Calibration. 

7 .  Ammeters  and  Shunts. 

8.  Measiirements  of  Power  and  Electric  Energy. 

9.  Magnetic  Properties  of  Iron. 

10.  Generators. 

1 1 .  Motors. 

12.  Storage  Batteries. 

13.  Characteristics  and  Testing  of  Insulation. 

14.  Lamps  and  Photometry. 

15.  Alternating  Currents. 

Course  2 

1 .  The  Magnetic  Circuit. 

2.  Direct-Current  Armatures. 

3.  Separately  Excited  Generators. 
4  -  Shunt  Generators. 

5 .  Shunt  Generators  (concluded) . 

6.  Compoimd  Generators. 

7 .  Shimt  Motors. 

8.  Shunt  Motors  (concluded). 

9.  Prony  Brake  Tests  on  Shunt  Motors. 

10.  Prony  Brake  Tests  on  Series  Motors. 

1 1 .  Motor-Generator  Heating  Test. 

12.  Armature  Reactions. 
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13.  Shop  Tests  on  Motors. 

14 .  Boosters. 

15.  Balances. 

Course  3 

1 .  Alternators. 

2.  Characteristics  of  Alternating-Current  Circuits. 

3.  Phase  Measurements  and  Vector  Diagrams. 

4.  Principles  of  the  Transformer. 

5.  Constant  Potential  Transformers. 
G.  Instrument  Transformers. 

7.  Polyphase  Circuits. 

8.  Induction  Motor  Principles. 

9.  Induction  Motor  Operating  Characteristics. 

10.  Induction  Regulators. 

11.  Polyphase  Transformations. 

12.  Alternators  in  Parallel. 

13.  Synchronous  Motors. 

14.  Converters. 

15.  Wave  Forms. 

Of  some  4500  employees,  the  initial  enrolments  for  1910-1911^ 
in  these  three  courses  were  respectively  60,  180,  and  60. 
those  there  were  respectively  5,  9,  and  5  who  attended  every 
exercise  and  prepared  the  corresponding  reports.  The  average 
weekly  attendance  was  initially  100  and  dropped  to  70  at  the 
conclusion  of  the  season.  Decrease  in  attendance  after  the 
novelty  had  worn  off  also  characterized  a  coiu^e  of  free  lectures 
by  electrical  specialists,  given  previously  in  connection  with  the 
educational  work  of  this  company.  To  prevent  falling  off  in 
attendance,  one  department  of  this  company  is  at  present  com- 
pelling attendance  on  the  time  of  the  company. 

D.     Data  Concerning  Railroad  Corporation  Schools. 

New  York  Central   Lines  Apprentice   School  System.    As 

the  New  York  Central  plan  has  been  worked  out  in  great  detail 
and  as  it  comprises  most  of  the  features  found  satisfactory  in 
other  systems  it  may  be  considered  as  typical  of  the  best  practise 
in  its  line.  Six  years  ago  the  New  York  Central  lines  put  into 
operation  at  the  larger  shops  a  school  system  for  the  benefit  of 
shop  apprentices,  in  various  trades.  The  purposes  of  these  schools 
are: 

1.  To  improve  the  quality  of  mechanical  skill  available  in  shop 
work. 
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2.  To  make  apprenticeship  attractive  to  intelligent  boys. 

3.  To  make  it  possible  for  the  right  kind  of  boys  to  rise  from  the 
ranks  to  positions  as  foremen  and  master  mechanics. 

School  work  is  done  in  regular  shop  time  under  pay,  and  in  the 
morning  when  the  boys  are  at  their  best.  The  work  is  done 
under  drawing  and  shop  instructors  appointed  from  the  local 
shops,  these  instructors  being  under  the  direction  of  the  officers  of 
the  company  in  charge  of  the  local  shop  operations.  The  whole 
work  is  imder  the  supervision  of  a  superintendent  of  apprentices 
who  in  turn  reports  directly  to  the  general  superintendent  of 
motive  power. 

The  boys  who  apply  for  apprenticeships  in  the  shops  of  the 
company  are  of  various  grades  of  education,  some  having  prac- 
tically no  schooling,  while  others  are  high  school  graduates.  The 
instruction  is  therefore  somewhat  varied  in  character,  but  is 
mainly  of  two  general  types:  drawing  and  numerical  calculations, 
and  shop  work.  The  drawing  instruction  is  given  in  the  rooms  or 
small  buildings  especially  devoted  to  this  work.  These  rooms 
are  fitted  up  in  a  simple  style  with  drafting  tables,  blackboards, 
cabinets  for  storing  boards  and  supplies,  models,  etc.  The 
courses,  which  are  laid  out  for  all  shops  by  the  superintendent 
of  apprentices,  are  of  a  nature  to  appeal  to  apprentice  boys. 

The  objects  which  he  is  expected  to  draw  are  the  familiar  things 
with  which  he  works  in  the  shops.  Small  locomotive  parts,  parts 
of  shop  tools,  wrenches,  nuts,  etc.,  form  the  drawing  exercises. 
Very  simple  subjects  are  assigned  at  the  start,  leading  up  to 
rather  complicated  ones  toward  the  close  of  the  four- year  course. 
The  work  includes  tracing  so  that  the  student  finally  leaves 
his  work  as  if  for  use  in  actual  construction.  In  many  cases  the 
apprentices  actually  prepare  drawings  for  foremen,  supplementing 
the  work  of  the  regular  draftsmen. 

The  drafting  room  periods  afford  an  opportunity  also  for 
testing  the  ability  of  the  students  to  think  for  themselves. 
A  large  number  of  problems  are  assigned  for  home  work,  these 
problems  being  all  of  a  simple  and  practical  character.  Solu- 
tions to  the  problems  are  handed  in  from  time  to  time,  and  by 
means  of  blackboard  exercises  the  real  ability  of  the  pupils  in 
solving  problems  is  tested. 

Most  of  the  time  of  the  apprentices  is  put  in  at  actual  shop 
work  under  the  direction  of  the  shop  instructor.  This  instructor 
is  a  practical  mechanic  who  is  familiar  with  all  branches  of  shop 
work.     His  duty  is  to  see  that  the  pupil  is  taught  thoroughly 
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all  branches  of  the  selected  trade.     The  instructor  shifts  the  pup: 
from  one  line  of  work  to  another,  g:iving  him  sufficient  time 
obtain  a  thorough  mastery  of  each  part.     For  example,  if  a  bo>^ 
elects  to  learn  the  trade  of  machinist,  which  requires  four  years , 
his  time  will  be  divided  up  roughly  as  follows:  helping  in  shop* 
0-3  months;    bench  work,  6-12  months;    light  tool  work,  3-6 
months;  heavy  tool  work,  3-12  months;  in  air  brake  department, 
tool  room  or  brass  tool,  3-6  months;    in  erecting  shop,    16-24 
months.     The  instructor  shows  the  apprentice  how  to  perform 
each  operation  assigned  to  him  and  sees  that  the  work  is  done 
thoroughly.     He  thus  relieves  the  foreman  of  the  necessity  of 
instructing  apprentices,  and  a»  he  is  a  specialist  in  this  line,  the 
work  is  much  better  done  than  formerly.     It  is  understood  that 
while  the  shop  course  is  going  on  the  apprentice  is  also  working 
in  the  drafting  room,  as  explained  earlier. 

The  instruction  of  apprentices  is  very  similar  to  the  best  type  * 
of  school  work  of  any  kind,  as  will  be  evident  from  the  descrip- 
tion given.  The  primary  function  of  the  course,  as  should  be 
that  of  the  courses  of  all  schools,  is  to  teach  the  apprentice  to 
apply  skill  and  knowledge  efficiently  in  his  vocation.  Mental 
development  is,  of  course  a  vital  necessity;  but  this  mental 
development  comes  as  a  result  of  the  continual  exercise  of  the 
constructive  and  reasoning  faculties.  Practically  no  text-books 
are  used  in  the  course.  Lectures,  examinations,  and  recitations, 
as  used  in  school,  have  little  place. 

The  results  of  the  system  have  been  highly  gratifying  to 
the  company,  and  although  the  experiment  has  been  in  operation 
but  a  few  years,  the  benefits  have  been  evident  in  an  increase  in 
shop  output,  a  reduction  in  the  amount  of  spoiled  work,  and 
increased  desire  on  the  part  of  the  boys  to  prepare  themselves 
for  trades  (including  even  some  trades  which  a  few  years  ago  did 
not  attract  boys  at  all)  and  a  general  improvement  of  the  spirit 
in  the  shops.  The  shop  instructors  meet  from  time  to  time  to 
discuss  their  problems,  and  as  they  work  through  a  central  organ- 
ization, their  efforts  are  marked  by  unity  of  plan  and  purpose. 

The  Pennsylvania  Railroad  Apprentice  School.  An  instance 
of  a  continuation  school,  doing  a  large  amount  of  good  in  its 
community,  is  the  one  maintained  by  the  Pennsylvania  Railroad 
Company  in  Altoona,  Pa.,  which  was  inaugurated  under  the 
direction  of  General  vSuperintendent  George  W.  Creighton  and 
his  staff,  of  the  comj^any,  and  the  Chairman  of  the  Committee 
making  this  report,   representing  The  Pennsylvania  State  Col- 
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\ege-  (The  latter  institution  holds  an  advisory  position  in  the 
orgaxiizatiQii  of  the  school  and  receives  full  weekly  reports  from 
^^e  head  instructor.)  In  this  school  something  over  250  appren- 
tices spend  one-half  a  day  a  week  in  a  specially  prepared  build- 
^^g»  which,  with  its  equipments,  was  comparatively  inexpensive. 
Three  instructors  are  required.  The  curriculum  consists  largely 
^f  practical  drawing,  English,  natural  science,  and  mathematics. 
The  weekly  time  spent  by  each  apprentice  in  the  school  is  di- 
vided into  two  periods  scheduled  for  different  days. 

The  English  is  taught  in  a  manner  best  adapted,  in  the  opinion 
of  the  instructors,  to  improve  the  pupils'  ability  readily  to  un- 
derstand shop  or  similar  orders  and  to  make  verbal  or  written 
reports  in  clear  language.  The  natural  science  studies  take  up 
elementary  functions  having  to  do  with  features  of  combus- 
tion in  the  firing  of  boilers,  the  simple  principles  underlying 
machine  mechanisms,  the  qualities  and  characteristics  of  mate- 
rials used  in  machine  construction,  and  similar  practical  infor- 
mation which  should  add  to  the  intelligent  performance  of  the 
workman's  duties.  The  mathematics  taught  is  a  study  of  the 
ftmdamental  principles  of  arithmetic,  algebra,  geometry,  etc.,  as 
they  apply  to  the  ordinary  simple  mental  or  written  computa- 
tions which  are  demanded  of  the  skilled  mechanic  in  the  course 
of  his  labor.  The  drawing  is  of  a  practical  sort,  such  as  to  give 
the  mechanic  keener  appreciation  of  working  drawings  required 
in  construction,  and  to  enable  the  management  to  select  men  of 
suitable  caliber  for  their  drafting  rooms  as  needed.  The 
instruction  in  English  and  natural  science,  of  the  nature  indi- 
cated, seemed  at  the  outset  of  the  work  to  be  desirable ;  and  the 
experience  thus  far  obtained  indicates  its  material  value  in 
improving  the  quickness  and  intelligence  of  the  young  men 
pursuing  the  work. 

While  in  the  shops  the  apprentices  are  under  the  supervision  of 
the  foremen,  who  in  turn  are  in  close  touch  with  the  school  instruc- 
tors. The  use  of  the  foremen,  instead  of  the  special  shop  instruc- 
tors employed  in  some  other  corporation  schools,  has  much  to 
commend  it.  The  foreman  of  sufficient  intelligence  to  carry  on  the 
industrial  operations  of  his  department  should  have  ability,  if  he 
is  the  proper  man  for  his  place,  to  direct  the  apprentices  to  proper 
advantage.  Further,  adding  this  special  supervision  and  in- 
structional function  to  the  responsibilities  of  tlie  foreman 
seems  rather  to  add  to  his  effectiveness  and  interest  in  his  work 
than  otherwise.     And  still  further,  by  using  the  foreman  the 
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schools  are  tied  up  more  closely  and  correlated  to  better 
vantage  with  the  industrial  organization  as  a  whole  thgn  is  oth 
wise  possible.     The  apprentice  courses  are  four  years  in  lengt- 
During  this  time  the  young  men  are  given  a  well  rounded 
broad  shop  training.     They  attend  the  school  classes  regular 
during  the  first  three  years. 

The  school  instructors  and  foremen  are  required  to  subni- 
exhaustive  weekly,  monthly,  semi-annual,  and  annual  reports 
the  organization  management.     These  reports  have  apparent 
proved  of  value  in  enabling  the  management  to  weed  out  appre 
tices  who  are  unworthy  and  to  place  into  line  of  promoti 
young  men  who  are  of  noteworthy  merit.     This  latter  function  nrr 
in  itself  of  sufficient  worth  to  warrant  the  expense  of  the  school. 

The  success  of  the  school,  though  in  operation  but  slightl 
over  two  years,  has  been  marked;  and  the  pupils  themselv 
have  been  enthusiastic  over  this  work.     Those  completing  t 
course  have,  in  many  cases,  petitioned  to  be  allowed  to  contin 
further.     That  the  management  believes  the  expense  of  th 
school  to  be  warranted  by  the  results,  is  indicated  by  the  I 
that  it  has  recently  extended  the  system  to  other  divisions 
the  railroad. 

Tabulation  of  Data  Concerning  Instruction  by  Certain  Ste 
Railroads.     A  number  of  important  railroads    have    well-o 
ganized  systems  of  instruction  of  apprentices.      Mr.  J.  W. 
Hale,  Head  Instructor  in  the  Pennsylvania  Railroad  Appren 
tice  School,  just  referred  to,  recently  made  a  careful  study  o 
the  instructional  work  of  a  number  of  systems.     His  findings  a 
summarized  in  the  following  tables: 
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4.  NUMBER   OP   INSTRUCTORS   AND    PUPILS 


Nftme  of  roa<l 


ToUl  No.  of 
No.  of  points     apprs.  in-     ToUl  No.  of 
reached        structed  on     instructors 
system 


A.  T.  &  Santa  Pe  Railway 29 

Canadian  Pacific  Ry 3 

D.*H.  Co 3 

Erie  R.  R.  Co 5 

Grand  Trunk  Ry.  System 7 

N.  Y.  Ontral  Lines 12 

Union  Pacific 2700 

from  all 

branches  of 
service.  Ap- 
proz.  175 
apprentices 
included  on 
entire  sys- 
tem not  all 
taking  course 


645 


40 


353 

School  5 

of  whom  223 

Shop  6 

are  at  Mon- 

treal. 

95 

School  2 

Shop 

253 

School  3 

Shop  3  (.0 

32<J 

(190 

School  12 

Shop  12 
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Discussion  on  "  Industrial  Education  "     (Committee  Re- 
port),   Boston,  Mass.,  June  27,  1912. 

Henry  G.  Stott:  The  work  that  we  are  doing  in  New  York 
in  connection  with  the  companies  which  I  represent,  is  a  very 
modest  one,  but  one  which  was  forced  upon  us  by  very  peculiar 
circumstances.  We  have  men  who  are  trained  for  switchboard 
operators  in  railroad  work,  who  handle  a  large  amount  of  power, 
and  these  men  are  brought  in  with  practically  only  a  common 
school  education  and  are  taught  the  ordinary  methods  of  op- 
eration of  switchboard  apparatus,  taking  care  of  the  apparatus, 
etc.  We  found  after  training  up  men  in  this  way  that  they 
became  highly  expert,  although  they  had  apparently  no  theoreti- 
cal knowledge  of  what  they  were  doing.  However,  a  day  of 
reckoning  came  to  us  when  something  went  wrong  with  the  op- 
eration or  some  trifling  connection  was  broken,  and  these  men 
failed  lamentably.  After  a  few  experiences  of  that  kind  we 
discovered  that  no  matter  how  well  a  man  was  able  to  carry  on 
his  routine  duties,  assuming  everything  was  in  first-class 
order,  the  least  disturbance  of  that  routine  upset  his  whole  idea. 
He  was  only  an  automaton.  He  could  not  think  for  himself. 
We  thought  we  were  using,  perhaps,  too  poor  a  class  of  men. 
We  tried  a  number  of  men  trained  at  technical  schools  but  it 
became  very  manifest  that  men  who  had  received  technical 
school  education,  while  they  met  all  the  requirements  of  the  case, 
could  not  be  held  there  and  we  coiild  not  expect  to  hold  them  in 
work  which  soon  becomes  monotonous.  We  finally  came  to 
the  conclusion  that  it  would  be  necessary  to  establish  a  class 
to  find  out  whether  a  man  was  an  automaton  or  whether  he  had 
been  really  thinking  and  reading. 

The  work  started  in  this  way,  but  we  went  on  with  it  as  we 
found  there  was  some  very  good  material  in  the  men  and  it  gave 
us  an  insight  into  men's  characters  which  we  could  not  get  in 
any  other  way.  We  started  in  the  school  by  putting  in  the  same 
kind  of  apparatus  which  men  had  to  handle  in  their  every-day 
work,  with  all  the  wiring  and  apparatus  exposed.  One  of  my 
assistants  gave  the  instruction  and  began  at  the  beginning  of  the 
electrical  work,  and  found  that  the  men  took  great  interest  in 
it. 

After  trying  this  out  for  about  a  year  we  found  that  we  were 
getting  inside  information  in  regard  to  the  men's  characters, 
and  their  way  of  thinking,  which  was  extremely  valuable  to  us 
in  promoting  them.  Promotions  are  now  made  from  the  bottom 
up.  We  then  established  the  rule  that  tmless  a  man  took  this 
course  and  passed  the  examination  he  could  not  be  promoted. 
Nothing  would  be  done  to  interfere  with  his  present  position, 
we  announced,  but  he  could  not  hope  for  promotion  unless  he 
took  this  course  and  passed  the  final  examination.  This  im- 
mediately segregated  these  men  into  two  classes;  those  who  had 
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no  hope  of  promotion,  who  were  indifferent,  and  those  who  were 
ambitious  and  wanted  to  get  along.  It  has  thus  been  the  means 
of  telling  us  which  men  were  best  fitted  for  promotion. 

The  course  is  a  simple  one,  a  rudimentary  course  in  mechanics 
and  physics,  then  going  on  to  show  how  current  is  generated, 
etc.  We  have  a  good  laboratory  there,  showing  how  measure- 
ments are  made,  and  calculations  of  various  simple  problems 
are  made.  In  other  words,  a  man  is  being  taught  to  think  and 
reason  for  himself,  not  simply  to  obey  rules  because  he  is  told 
to  do  so.  The  whole  endeavor  in  the  department  which  I  control 
is  to  avoid  arbitrary  rules,  to  encourage  a  man  to  act  on  his  own 
judgment  as  far  as  possible.  In  this  way  we  have  achieved 
results  by  this  simple  course  which  I  don't  think  we  could  have 
reached  in  any  other  way.  By  encouraging  these  men  to  take 
courses  more  advanced  in  other  institutions,  we  got  a  few  into 
college,  and  I  think  they  will  make  their  mark  in  life. 

It  has  been  the  purpose  of  the  company  to  find  out  the  point 
of  view  of  the  man,  whether  he  was  simply  there  to  get  his  pay 
at  the  end  of  the  week,  or  whether  he  was  ambitious  enough  to 
study  and  devote  his  time  to  progress.  That  has  gone  through 
a  process  of  evolution,  as  I  have  said,  so  that  it  is  a  fairly  good 
course  of  instruction  now,  and  any  man  who  leaves  us  is  capable 
of  performing  good  service  in  any  company. 

J.  P.  Jackson:  May  I  ask  Mr.  Stott  where  his  school  gets 
the  men — what  the  class  of  men  is  that  he  gets? 

Henry  G.  Stott:  The  majority  of  men  that  we  get  have 
simply  been  through  part  of  the  grammar  school ;  a  few  through 
high  school,  but  as  a  rule  with  only  grammar  school  education. 
We  started  in  at  one  time  to  get  men  educated  in  technical 
schools,  but  naturally  the  monotony  of  the  work,  eight  hours* 
work,  seven  days  in  a  week,  with  of  course  a  day  off  now  and 
then,  was  too  great  to  expect  a  man  to  remain  there  who  had  spent 
time  in  getting  a  scientific  education.  They  would  stay  a 
year  or  less  and  then  leave  us.  So  that  practically  all  the  men 
whom  we  put  into  these  positions  for  operators  are  those  who 
have  had  only  grammar  school  educations. 

A.  L.  WiUiston:  A  great  deal  has  been  wTitten  or  spoken 
from  the  public  platform  regarding  the  pressing  necessity  for 
industrial  education,  until  it  seems  as  though  every  thoughtful 
person  must  understand.  And  yet,  as  I  work  in  this  field,  I  find 
that  we  have  not  yet  begun  to  make  an  impression  on  most 
persons  of  the  seriousness  of  the  need  for  this  kind  of  work.  As 
engineers,  we  are  all  interested  in  efficiency;  and  we  are  inter- 
ested in  the  conservation  of  natural  resources ;  and  we  are  inter- 
ested in  all  things  that  tend  toward  the  greater  economy  in  the 
utilization  of  all  forces.  As  we  commence  to  study  actual 
conditions  in  almost  all  our  large  industries,  we  find  waste  of 
material,  we  find  loss  due  to  inefficiency  in  the  use  of  power  and 
machinery;  but,  gentlemen,  as  we  study  the  conditions  more 
closely  we  find  that  these  losses  are  almost  insignificant  compared 
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with  the  greater  human  losses  in  ahnost  all  organizations  and  in 
all  the  industries. 

These  human  losses  are  of  two  kinds;  first,  those  losses  that 
arise  from  the  mistakes,  the  errors,  the  blunders,  the  w-aste  of 
lime  from  not  knowing  what  to  do,  or  from  not  knowing  how  to  do 
I  he  work  in  hand  in  the  right  way.  Such  losses,  as  we  all  know, 
are  great  enough;  but  a  second  type  of  human  losses  is,  I  believe, 
still  greater.  This  includes  the  waste  of  human  energ>'  that 
comes  from  having  so  often  the  wrong  man  in  any  particular  job, 
having  no  natural  aptitude  or  taste  for  it ;  and  the  waste  that  comes 
from  having  the  great  majority  of  men  without  any  real  vision 
of  future  possibilities  that  lie  ahead  of  them,  and,  therefore, 
without  ambition  to  do  their  work  with  the  same  spirit  of  energy 
and  excellence  as,  when  youths,  they  put  into  their  play.  It  is 
the  lack  of  ability  to  see  and  understand  what  is  ahead,  the  lack 
of  vision  of  the  possibilities  beyond  the  present  that,  more  than 
all  else,  makes  work  uninteresting  and  makes  workmen  feel  that 
it  is  not  worth  their  while  to  do  their  best  or  cooperate  cheerfully 
and  loyally  either  with  individual  employers  or  with  the  corpora- 
tions that  are  furnishing  them  the  opportunities  for  work. 

If  we  could  only  estimate  the  value  to  society  of  having  all 
the  young  people  of  the  rising  generation  selected,  or  sorted  in 
some  way,  so  that  the  right  persons  would  get  into  jobs  for  which 
they  are  fitted  and  for  which  they  have  some  particular  ability 
and  taste ;  and  also  could  estimate  the  value  of  having  all  of  these 
persons  given  the  spirit  that  would  make  them  feel  that  their 
work  was  worth  ])utting  their  hearts  into,  and  could  add  to  this 
the  value  of  special  training  that  would  enable  them  to  do  their 
work  with  skill  instead  of  with  indifference,  I  think  we  all  would 
appreciate  that,  in  comparison,  all  the  other  efforts  that  we  have 
been  making  in  the  past  toward  increased  efficiency  would  seem 
small. 

In  discUvSsing  types  of  vocational  schools  and  what  vocational 
schools  may  accomplish,  emphasis  is  too  frequently  placed  upon 
the  curriculum  and  upon  details  of  methods  of  instruction.  To 
my  mind  these  are  important,  but  there  are  at  least  two  other 
things  that  arc  more  fundamental  and  important.  First,  it  is 
absolutely  essential  at  the  beginning  to  get  the  right  boys  to 
work  on.  If  you  are  going  to  train  young  persons  for  a  given 
industry,  for  example,  to  train  them  to  be  machinists  or  to  be 
switchboard  operators,  or  what  not,  it  is  of  the  utmost  importance 
to  select  persons  not  only  adapted  to  this  kind  of  work,  but  also 
to  select  persons  who,  because  of  their  natural  environment, 
their  previous  life  experience,  their  home  traditions  and  surround- 
ings, will  look  forward  to  the  kind  of  life  and  future  to  which  the 
particular  vocation  will  probably  lead  with  enthusiasm,  eagerness 
and  interest.  The  first  and  all-important  problem,  therefore, 
for  the  vocational  school  to  solve  is  to  get  the  right  fellow  into 
the  school  at  the  beginning.  This  is  not  easy,  in  fact  it  is  ex- 
tremely difficult;  and  there  are  very  few  precedents  or  guides  to 
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go  by.  It  is  possible,  however,  as  there  are  men  who  have  had 
experience  in  selecting  from  the  great  mass  of  untrained  people 
who  are  coming  out  of  the  elementary  schools  every  year,  those 
who  "will  be,  with  training  and  experience,  well  adapted  to  differ- 
ent lines  of  work.  Every  capable  factory  su])erintendent  employ- 
ing a  large  number  of  young  persons  and  every  experienced  em- 
ployment director  has  some  skill  in  this  kind  of  selection.  Men 
with  such  cxixiricnce  arc  needed  in  vocational  schools  to  advise 
boys  and  girls  regarding  the  future  possibilities  that  are  open  to 
them,  and  to  select  from  the  applicants  for  admission  those  who 
by  natural  ability,  home  environment,  etc.,  are  well  fitted  to 
succeed  in  the  several  lines  of  work  for  which  the  school  offers 
courses  of  instruction. 

The  thing  of  next  importance  is  that  during  the  period  when 
the  boys  and  girls  are  in  vocational  schools,    they  should,  in 
addition  to  the  manual  skill  that  is  needed  and  the   elementary 
technical  knowledge  that  is  necessary  to  enable  them  effectually  to 
use  such  skill  in  their  chosen  vocation,  receive  the  kind  of  in- 
dustrial discipline  that  will  enable  them  to  fit  into  their  life  work 
as  efficiently  as  possible,  and  also  that  they  should  have  their 
ambition  stimulated  by  accurate  and  intelligent  appreciation  of 
the  opportunities  that  will  be  likely  to  be  open  to  them  later. 
It  is  entirely  possible  to  develop  in  school  an  atmosphere  which  will 
give  jtist  as  good  industrial  discipline  as  any  shop.     It  is  possible 
to  select  tasks  and  occupations  in  the  school  which  will  cultivate 
a  right   attitude    toward    work,  a  spirit   of   co-o])cration  with 
one's  employer  and  those  other   qualities  of  character  which  are 
essential  for  the  best  success  in  after  life.     And  these  things  are 
more  important,  in  my  judgment,  than  are  the  questions  of  how 
to  teach  practical  mathematics  or  elementary  applied  science,  or 
of  how  many  hours  of  shop  practise  of  one  kind  or  another  to 
include  in  the  curriculum.     Yet,  when  we  get  together  to  discuss 
matters  of  industrial  education,  I  find,  too  often,  we  s])end  our 
time  on  the  latter  questions  of  details  regarding  the  curriculum 
and  too  seldom  on  the  correct  methods  of  getting  the  right  hoy 
to  work  with,  or  the  best  ways  of  developing  in  him  tlic  particular 
qualities  of  character  and  manhood  that  his  chosen  vocation  re- 
quires. 

To  some  persons  what  I  have  just  said  may  sound  as  if  I  were 
repeating  what  has  always  been  the  aim  of  all  good  schools. 
This,  however,  is  far  from  the  fact.  Until  very  recently,  and  with 
very  few  exceptions,  no  schools  have  made  a  serious  attempt  to 
analyze  the  different  vocations  and  to  find  out  what  particular 
qualities  of  character  are  essential  to  each,  and  no  schools  have 
seriously  endeavored  to  develop  the  particular  qualities  that  a 
f  ??f.^  ^^ling  requires.     It  is  this  specialized  kind  of  character- 

uuding  which  is  the  important  function  of  the  vocational  school, 
bevo^^rf'^  ^  ^^^^  country  and  abroad  experience  enough  to  prove 
entirelv  ^  ^^^^^le  doubt  that  this  is  not  a  visionary  idea  but  is 
/practical  if  we  set  ourselves  seriously  to  the  task. 
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It  is  not  necessary  for  me  to  take  time  to  tell  you  gentlemen 
of  the  American  Institute  of  Electrical  Engineers  or  of  the  teach- 
ing profession — all  of  you  earnest  advocates  of  engineering 
education  and  of  all  the  higher  types  of  industrial  schools — ^that 
mechanical  skill  is  a  good  thing,  or  that  technical  training  is  a  good 
thing,  or  that  the  spirit  of  open-mindcdness,  which  makes  one  al- 
ways eager  to  search  for  truth  and  a  better  way,  is  a  good  thing. 
To  you  I  have  only  to  suggest  that  in  the  field  of  trade  teaching, 
mechanical  skill  and  elementary  technical  training  adapted  to 
the  needs  of  the  boys  who  may  not  have  even  a  complete  grammar 
school  education,  and  the  spirit  of  open-mindedness  to  new 
methods  and  new  ideas,  are  as  useful,  in  relative  measure,  as  we 
ourselves  have  found  them  in  our  own  particular  field  in  the  higher 
departments  of  education. 

Albert  L.  Rohrer :  Tolstoi  was  very  fond  of  describing  labor 
as  being  under  four  heads,  the  first  being  that  of  musculaj"  labor 
such  as  the  ordinary  laborer  does,  building  roads  and  carrying 
the  hod;  the  second  class  is  that  of  the  hand  and  wrist,  done  prin- 
cipally in  factories;  the  third  is  that  of  the  mind  as  shown  by 
the  work  of  the  engineer;  and  the  fourth  is  the  labor  of  co- 
operation, that  is,  of  all  classes  of  labor  working  together, 
team  work,  as  we  are  pleased  to  call  it  now.  Until  now  both 
societies  have  been  concerned  from  time  to  time  in  discussing  the 
third  class,  the  work  of  the  engineer,  the  training  of  his  mind, 
and  the  result  of  his  work.  Both  societies,  I  say,  because 
one  society  has  discussed  the  education  of  the  engineer, 
the  man  who  is  to  do  the  thinking,  while  the  other  society  has 
discussed  his  work;  but  it  seems  to  me  that  the  second 
class  of  labor,  that  of  the  hand  and  wrist,  is  of  equal  importance, 
and  I  am  very  glad  indeed  to  see  it  given  such  an  important  part 
in  the  program.  It  well  deserves  and  merits  the  joint  session 
which  is  being  held  to  consider  it. 

Now  the  problem  of  training  the  hand  and  wrist  has  been  at- 
tacked from  a  great  many  view-points.  A  great  deal  of  good  work 
is  being  done.  The  report  of  the  committee  just  made  indicates 
to  you  what  has  been  accomplished,  and  I  believe  and  agree  with 
Professor  Slichter  that  any  man  who  takes  the  time  to  inquire 
into  the  topic  at  all  will  become  enthusiastic.  And  I  think  it  is 
the  duty  of  every  engineer  to  get  interested  in  this  problem. 
He  can  serve  his  locality  and  his  country  to  very  great  advantage 
by  getting  interested  in  the  situation  and  assisting  with  his  good 
judgment. 

Professor  Jackson  has  asked  me  to  describe  briefly  the  work  at 
Bridgeport  which  was  referred  to  in  the  report  of  the  committee. 
I  spent  a  very  interesting  day  there  some  time  ago,  and  to  any 
of  you  who  are  interested  I  think  a  few  hours,  even,  sx)ent  in 
inspecting  that  school  will  serve  to  fill  you  with  enthusiasm. 

The  peculiarity  about  the  Bridgeport  school  and  the  school 
at  New  Britain  is  that  the  two  schools  were  started  and  are  con- 
ducted by  the  state  of  Connecticut.     The  state  alone  is  doing 
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ana  i  uiidk  m  some  cases  wnere  tne  proDiem  nas  oeen  ai- 
>ted  by  schoolmasters  alone  that  it  has  not  worked  out  so 
factorily.  These  men  at  Bridgeport  are  all  enthusiastic. 
f  also  have  two  ladies  who  are  in  charge  of  the  sewing  division 
they  are  really  accomplishing  things  too. 
w  feature  impressed  me  very  favorably  in  talking  with  the 
>  and  inquiring  into  what  they  had  been  doing. 
M  boy  does  not  usually  know  what  he  wants  to  do,  Mr. 
iston  has  referred  to  that.  They  are  given  an  opportun- 
;here  to  try  themselves  out,  which  is  a  very  important 
J.  Several  of  the  boys  had  tried  two  or  three  different 
ss.  One  boy  thought  he  wanted  to  learn  the  printing  trade. 
lid  not  work  out  well  at  that;  he  then  thought  perhaps  he 
it  want  to  be  a  carpenter.  He  entered  that  division  for  a 
,  but  did  not  work  out  very  satisfactorily  there,  and  finally 
iided  in  the  machine  shop,  where  he  is  doing  very  good  work 
sd. 

le  work  is  all  practical.  They  don't  do  any  show  pieces 
h  are  put  in  a  case  or  laid  on  a  table.  Everything  that  the 
does  is  put  to  practical  use.  *  The  city  of  Bridgeport  offers 
i  very  good  opportunities  for  that  work.  The  business  of 
geport  is  very  largely  the  metal  trades,  and  it  comprises 
■ge  number  of  small  factories.  Everything  that  they  do  in 
way  of  carpentry  and  printinj;  and  sewing  can  be  carried 

any  city  in  this  country.  The  carpentry  division  took  a 
ract  a  few  months  ago  for  building  a  $5,500  house.  These 
I,  fourteen  years  or  over,  made  their  designs  and  have  done 
f  the  work.  It  seems  to  me  a  great  inspiration  for  the  boy 
use  he  sees  that  he  is  accomphshing  things,  and  that  is 
}etter  than  making  up  forms  and  things  of  that  sort, 
don't  know  that  we  can  say  that  this  Connecticut  plant  is 
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school  and  are  Hoitik  very  good  work.  It  is  possible  that 
there  should  be  a  liltle  closer  affiliation  between  the  school  and 
the  municipality  in  which  it  is  lo(*ate<l.  but  I  like  the  spirit  they 
show.  They  don't  ask  the  boy  if  he  comes  from  Bridgeport, 
or  where  he  comes  from.  A  great  many  boys  come  there  from 
the  farms  outside,  and  they  belong  there  as  well  as  the  boy  from 
the  city.  It  is  certainly  interesting,  the  way  the  plant  has 
worked  out,  and  I  am  ver\'  glad  to  call  it  to  your  attention  this 
morning.  If  any  of  you  can  find  time  to  stop  off  there  I  am  sure 
you  will  be  very  much  interested. 

J.  P.  Jackson:  May  I  ask  Mr.  Rohrer  whether,  in  the  large 
nimiber  of  young  men  that  he  employs,  he  has  noticed  any  dis- 
tinct differences  in  the  kind  of  men  they  are  on  account  of  the 
different  kinds  of  education  that  thev  have? 

Albert  L.  Rohrer :  I  don't  know  that  I  can  answer  that  question. 
A  great  deal  depends  on  the  characteristics  of  the  boy,  how  in- 
dustrious he  is  and  how  anxious  he  is  to  get  on.  We  of  course 
prefer  boys — I  am  speaking  now  of  the  apprenticeship  work — 
we  prefer  boys  who  have  been  through  the  eighth  grade.  But 
we  have  found  boys  who  had  dropped  out  before  they  were  fairiy 
started  in  the  seventh  grade  and  they  got  along  just  as  well.  It 
all  depends  on  the  characteristics. 

W.  S.  Franklin:  I  would  like  to  ask  whether  the  school  is 
run  the  year  round,  or  whether  they  have  a  vacation  in  the 
summer? 

Albert  L.  Rohrer:  Fifty-two  weeks  in  the  year.  And  may 
I  say  a  word  more?  Mixed  up  with  this,  they  are  doing  several 
other  things.  They  maintain  a  night  school  carrying  along  the 
same  lines  so  that  boys  who  are  working  in  the  city  or  elsewhere 
can  come  into  the  night  school.^  They  also  have  the  continuation 
idea.  A  number  of  the  small  manufacturers  in  the  city  who  have 
apprenticeship  boys,  but  not  in  sufficient  number  to  maintain 
a  school  for  them,  send  their  boys  a  half  day  each  week  and  they 
receive  instruction  in  shop  work  and  mechanical  work  there 
You  can  see  that  they  have  a  combination  there  where  nothing 
stands  in  the  way  of  the  boy  or  man  who  really  wants  to  improve 
his  condition. 

W.  S.  Franklin:  I  would  like  to  know  whether  the  Bridgeport 
school  attempts  to  reproduce  the  shop  equipment  in  detail  of 
the  various  industries  for  which  they  attempt  to  train  the  young 
man;  or  do  they  give  the  more  elementary  and  fundamental 
phases  of  all  industrial  work?  I  ask  that  for  a  very  practical 
reason.  A  number  of  us  have  been  discussing  in  Bethlehem 
the  question  of  starting  a  school  of  this  kind,  and  the  problem 
we  are  faced  with  at  once  is  whether  it  is  justifiable  to  reproduce 
at  a  large  expense  the  machinery  equipment  in  the  existing  shops, 
or  whether  we  ought  not  to  try  to  give  the  boy  a  beginning  in 
his  apprenticeship  work  so  that  he  can  afterward  get  the  more 
detailed  training  in  actual  shops.  I  want  to  know  simply,  does 
the  Bridgeport  school  have  a  complete  shop  equipment  in  the 
metal  working  industries? 
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Albert  L.  Rohrer:  Very  complete,  including  an  assortment 
of  lathes,  milling  machines,  and  one  or  two  ])laners,.  Of  course 
a  boy  fourteen  years  old  has  got  to  begin  with'fCrttd;mientals. 
But  it  is  worked  out  in  a  very  practical  way.  If  Ihe^^-take,  for 
instance,  a  repair  job,  a  boy  is  sent  to  the  ])lace  where  the  piece 
of  machinery"  is  located  and  he  makes  a  ])encil  sketeji.  /He 
comes  back  and  makes  a  drawing  of  the  part.  Then  a  pattern 
is  made  and  when  the  casting  comes  in  the  boy  machines  it  &n.q; 
he  is  sent  out  to  put  the  piece  in  position. 

Henry  H.  Norris:  In  a  recent  letter,  Mr.  Glenn,  the  super- 
intendent of  the  Bridgeport  Trade  School,  states  that  the 
*•  day  school  runs  nine  hours  a  day,  five  days  a  week,  four  hours 
Saturday,  fifty-two  weeks  a  year,  and  that  the  length  of  course 
is  4800  hours,  approximately  two  years,  for  boys."  He  also 
states  that  the  manufacturers'  association  has  allowed  two  years 
on  commercial  apprenticeship  for  graduate  machinists,  exactly 
the  time  spent  in  school,  so  that  the  boys  enter  the  trade  of 
machinist  with  full  credit  for  the  time  spent  in  this  school  applied 
to  their  period  of  apprenticeship.  I  also  want  to  call  attention 
to  the  **  Artisan,**  a  monthly  publication  of  this  school,  entirely 
the  work  of  the  boys  of  the  school.  It  gives  a  delightful  picture 
of  the  school  from  the  standpoint  of  the  student. 

J,  W,  L.  Hale :  I  think  it  is  evident  to  you  that  within  the 
last  decade  the  subject  of  corporation  industrial  education  has 
become  significant.  It  is  a  matter  generally  of  the  conservation 
of  mental  as  well  as  physical  resources.  As  has  been  well  said 
this  morning,  when  the  country's  resources  become  reduced  it 
is  necessary  to  turn  more  strongly  toward  development  on  the 
mental  side.  You  can  cite  the  example  of  Germany  in  this 
connection.  Germany's  resources,  compared  with  those  of  the 
United  States,  are  poor,  but  particularly  in  the  mechanical  line 
Germany  has  endeavored  to,  and  is,  conserving  mental  resources. 
In  the  United  States,  within  the  last  few  years,  considerable 
attention  has  been  directed  toward  the  subject  of  physical  con- 
servation, and  now  we  are  discussing  the  question  of  mental 
conservation.  One  agency  for  mental  conservation  is  the  cor- 
poration school.  The  railroad  school  is  one  which  I  want  to 
discuss  for  a  few  moments. 

The  functions  of  this  class  of  school  are  given  in  the  Report 
as  follows: 

"I.  To  improve  the  quality  of  mechanical  skill  available 
in  shop  work. 

"2.     To  make  apprenticeship  attractive  to  intelligent  boys. 

•*  3.  To  make  it  possible  for  the  right  kind  of  boys  to  rise 
from  the  ranks  to  positions  as  foremen  and  master  mechanics." 

As  far  as  the  speaker's  experience  goes  it  seem  that  the  third 
function  is  perhaps  the  most  important.  In  order  to  make  the 
third  possible,  the  second  must  be  carried  out.  That  is,  ap- 
prenticeship must  be  made  attractive  to  intelligent  boys.  In 
the  case  of  the  Pennyslvania  Railroad,  which  has  recently  taken 
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up  the  questi^Qh  6£  industrial  training  in  shops,  in  the  present 

stage  of  the»\^pfk,  it  is  impossible  to  hope  to  recruit  the  mechan- 
ical force  ilV;>he  shops  entirely  from  apprentices.  In  Altoona 
alone  th^rfi-.^re  approximately  at  the  present  time  12,000  em- 
ployees of'tlie  railroad.  The  apprentices  number  approximately 
thr^e  hundred.  Therefore,  my  former  statement,  I  think,  is 
jsyi£&n\.  However,  it  is  highly  desirable  to  develop  the  three 
•Mnfn'dred  for  positions  of  responsibility  in  connection  with  the 
*.• . ,  shop  management. 

,  V  '  The  growth  of  the  railroad  school  in  the  last  five  years  has 
been  remarkable.  There  are  at  least  eight  representative  roads 
through  the  Eastern  and  Middle  States  which  are  giving  appren- 
tices well  organized  courses  of  instruction — I  don't  like  to  say 
theoretical — but  in  underlying  principles  and  in  shop  work  as 
well,  and  they  are  getting  results.  The  tables  which  are  shown 
in  the  Report,  given  by  permission  of  the  Pennsylvania  Railroad 
officials,  are  made  up  from  data  obtained  in  the  spring  of  last 
year.  However,  they  represent  conditions  at  the  present  time. 
If  we  refer  to  these  for  a  moment  it  might  be  well  to  note  that  the 
development  thus  far  along  the  line  of  railroad  schools  has  been 
confined  to  apprentices  in  mechanical  departments,  except  in 
the  case  of  the  Union  Pacific  Railroad  which  is  doing  a  general 
educational  work  by  correspondence.  They  have  an  evening 
school  at  Omaha  for  apprentices,  of  the  Omaha  shops  only. 
They  are  doing  a  good  work  generally,  but  since  the  instruction 
is  conducted  by  correspondence  it  has  some  disadvantages  which 
are  inherent  in  that  method. 

So  far  as  the  organization  is  concerned,  the  shoots  giving  in- 
struction to  apprentices  in  the  mechanical  department  are  man- 
aged by  the  motive  power  officials.  Instruction  is  given  in  both 
shoj;)  and  school  and  includes  elementary  subjects  from  arith- 
metic to  mechanics,  and  is  presented  in  a  severely  practical  way. 
The  work  of  thcvsc  schools  is  distinctly  different  from  that  of  a 
good  many  other  types  of  school  from  the  fact  that  we  have  to 
change  over  the  courses  of  the  common  school  for  specific  trade 
purposes.  This  work  opens  up  a  new  field  in  changing  over  from 
the  general  into  more  practical  and  definite  subjects.  The 
preparation  of  the  boys  that  we  get  varies  all  the  way  from  the 
sixth  or  seventh  grade  grammar  to  high  school  graduates. 

As  has  been  well  said,  what  we  have  to  do,  is  to  give 
the  boys  the  proper  degree  of  ambition,  enthusiasm  and 
interest.  There  is  only  one  more  point  for  which  I  will 
take  your  time,  and  that  is  to  repeat  the  statement  I  made 
first,  that  we  must  conserve  mental  as  well  as  physical  energy 
and  give  attention  to  development  and  increase  of  efficiency  on 
the  educational  as  well  as  on  the  mechanical  side.  It  is  neces- 
sary to  develop  the  human  unit  as  well  as  the  mechanical  unit. 

W.  S.  Franklin:  I  happen  to  be  quite  familiar  with 
a  recent  educational  movement  in  the  Pennsylvania  Rail- 
road in  the  telegraph  department,  which  is  superintended  by 
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Mr.  Johnson,  and  the  work  that  he  is  doing  illustrates  a 
matter  which  has  been  in  my  mind  for  a  long  time  and  which 
I  had  in  mind  when  I  asked  the  question  of  Mr.  Rohrer  as  to  the 
duplication  of  existing  industrial  equipment  for  educational 
purposes    for    schools. 

It  seems  to  me,  if  I  may  preface  what  I  want  to  say  by  a 
general  statement,  that  one  of  the  greatest  problems  we 
have  in  education  at  the  present  time  is  to  make  use 
of  industrial  and  commercial  establishments  as  schools  to  the 
extent  that  they  are  schools,  and  I  think  that  they  arc  schools 
to  an  extent  which  wc  scarcely  realize.  Wc  have  been  going 
on  for  many  years,  detaching  school  work  from  practical  work. 
And  I  think  that  one  of  the  most  serious  faults  of  our  present 
educational  system  is  its  detached  character.  We  place  a  boy 
or  girl  in  a  seat,  at  a  desk,  with  a  book  to  study,  requiring  power 
of  application  they  have  not  got  and  ideas  that  they  have 
not  got  to  imderstand.  This  seems  to  me  to  be  the  most  un- 
fortunate thing  that  can  possibly  be  imagined. 

Now,  what  I  want  to  say  is  this:  if  boys  of  fourteen  years  and 
older  are  able  to  earn  money  in  industrial  establishments  by 
going  in  there  against  the  law,  or  on  the  basis  of  per  jury  of  their 
parents,  why  is  it  not  possible  to  place  them  there  under  the 
supervision  of  the  public  school  officer  to  see  that  they  get  a 
proper  variety  of  work  and  to  see  that  they  work  not  to  exceed 
a  certain  maximum  number  of  hours?  Why  isn*t  it  possible 
to  make  use  of  the  industrial  value  of  that  youngster  at  the  same 
time  that  we  are  training  him? 

Now  what  Mr.  Johnson  is  doing  is  this:  Mr.  Johnson's 
department  in  the  Pennyslvania  Railroad  is  the  telegraph 
system,  and  his  equipment,  of  course,  is  spread  over  the 
whole  United  States,  pretty  nearly;  it  is  a  distributed  equip- 
ment which  cannot  be  made  use  of  for  school  puqjoses  excej^t  it 
be  organized  as  a  part  of  a  correspondence  system,  and  Mr. 
Johnson  is  now  establishing  a  correspondence  school  for  all  of 
the  employees  of  this  department. 

As  I  said  a  while  ago  a  number  of  us  in  Bethlehem  have  been  dis- 
cussing this  question  and  the  one  thing  that  stares  us  in  the  face 
is  this — what  is  the  use  of  the  town  of  Bethlehem  buying  a  new 
lathe  when  there  are  about  a  million  lathes  in  that  town  already? 
And  what  is  the  use  of  the  town  of  Bethlehem  doing  a  great  many 
other  things  in  useless  duplication  of  existing  devices  which  are 
already  crying  out  for  somebody  to  use  them?  We  must  study 
to  some  extent  how  to  make  use  of  existing  commercial  and  in- 
dustrial establishments  as  schools  to  the  extent  that  they  are 
schools. 

And  just  one  other  thing  I  want  to  say:  In  order  to  realize 
my  idea,  let  us  devise,  let  us  plan  detached  schools  for  babies, 
so  that  by  the  time  our  yoimgsters  are  fourteen  years  old  they 
can  do  something  that  is  commercially  worth  while  in  an  actual 
establishment,  instead  of  in  detached  establishments. 
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I  am  very  glad  to  know,  from  what  Mr.  Rohrer  says,  that  a 
nine-hour  day  with  six  days  a  week,  or  nine  hours  for  five  days 
and  five  hours  on  Saturday,  is  the  rule  in  the  Bridgeport  school; 
for  that  means  an  approach  to  real  discipline  which  is  good 
to  see. 

A.  L.  Williston:  I  am  somewhat  familiar  with  the  plan  of 
the  Fitchburg  School.  It  is  an  adaptation  to  high-school  con- 
ditions of  the  plan  which  Dean  Snyder  has  worked  out  for  uni- 
versity conditions  in  the  city  of  Cincinnati.  The  boys  enter  the 
Fitchburg  high  school  on  very  much  the  same  terms  as  any  other 
boys  enter  other  high  schools.  They  spend  the  first  year  in  the 
high  school  giving  their  whole  time  to  the  school  work  inside  the 
school  building.  During  the  second,  third  and  fourth  years, 
however,  an  arrangement  is  made  with  local  manufacturers  in 
Fitchburg  by  means  of  which  the  boys  spend  alternate  weeks,  one 
week  in  school  and  the  next  week  in  some  shop  in  the  city. 

There  is  an  effort  made  to  distribute  the  boys  around  in  differ- 
ent shops  during  the  different  years  of  their  four  years'  course, 
so  that  each  boy  will  get  some  experience  in  wood-working,  some 
experience  in  foundry- work,  and  a  larger  amount  of  experience 
in  machine  shop  practise.  For  some  boys  the  plan  is  working 
admirably,  especially  for  those  who  are  fortunate  in  getting  into 
shops  where  the  conditions  are  such  that  they  have  a  chance  to 
work  on  a  variety  of  tools  and  to  get  intelligent  answers  to  ques- 
tions regarding  how  this  work  should  be  done  or  how  that  machine 
should  be  operated. 

Without  doubt,  there  is  in  all  the  shops  the  endeavor  to  treat 
the  boys  as  well  as  possible;  and  the  school  authorities  endeavor 
to  carefully  supervise  them  in  the  commercial  shops,  vSo  that  all 
is  being  done  in  that  direction  that  can  be  done.  But  neverthe- 
less, I  think  this  statement  is  entirely  fair:  Many  of  the  persons 
who  provide  places  in  their  works  for  these  **  part-time  "  boys 
find  it  extremely  difficult  so  to  organize  their  shops  as  to  make  it 
possible  for  each  boy  to  get  the  variety  of  work  and  the  change 
of  occupation  that  he  ought  to  have  for  his  most  rapid  advance- 
ment. The  conditions  in  some  of  the  shops  make  it  necessary 
for  a  boy  to  do  things  which  he  already  knows  how  to  do,  and  to 
continue  to  do  this  week  after  week,  wasting  a  good  deal  of  his 
time.  In  other  shops  the  atmosphere  is  not  stimulating  either 
to  the  boy's  intelligence  or  his  ambition,  and  he  does  not  learn 
from  the  workmen  around  him  the  spirit  of  co-operation. 

On  the  whole,  however,  I  think  the  plan  is  working  well,  and 
I  believe  that  the  boys  who  are  taking  the  part-time  course  are 
getting  a  far  better  industrial  training  than  they  could  get  with 
the  facilities  in  Fitchburg  in  any  other  way;  but  I  don't  think 
that  it  is  by  any  means  demonstrated  that  this  is  for  all  places 
the  best  way.  The  State  Board  of  Education  in  Massachusetts 
recognizes  the  Fitchburg  plan  as  one  of  the  ways  to  give  industrial 
education,  but  it  has  also  encouraged  in  other  cities,  in  Worcester, 
New  Bedford  and  elsewhere,  the  establishment  of  schools  of  very 


ing  one-half  of  their  time  in  commercial  shops.  This 
ication  or  adaptation  of  the  school  instruction  to  make  it 
ill  in  with  the  shop  practise  and  fit  the  special  needs  of  these 
is  growing,  but  as  yet  it  has  not  been  developed  as  far  as 
Bve  the  authorities  in  charge  of  that  school  feel  is  desirable, 
ther  information  is  desired,  I  shall  be  glad  to  answer  any 
ons  which  you  gentlemen  may  desire  to  ask. 
I.  Slichter:  The  states  of  Massachusetts,  Maine  and 
nsin  provide  that  this  arrangement  may  be  carried  out  and 
uried  out  in  a  number  of  instances,  particularly  in  Massa- 
;ts.  In  the  report  of  your  committee  you  will  find  a 
;ion  of  the  "  part-lime  school  "  and  this  statement  in  the 
of  the  recommendations: 

!  the  opinion  of  this  committee,  the  feature  of  the  Massa- 
;ts  and  Wisconsin  laws  which  causes  them  to  excel  those 
other  states,  is  the  provision  that  in  order  for  a  vocational 

to  receive  state  aid  it  must  receive  the  state's  approval  of 
of  its  important  features,  such  as  courses,  teachers,  build- 
methods,  time  and  accounts.  This  clause  is  used  as  an 
iment  to  encourage  the  local  boards  to  consult  with  the 
r  representative  of  the  state  board  from  the  beginning  of 
rganization  of  the  school,  rather  than  await  the  exact 
I  when  money  is  requested  of  the  State.  The  State  board 
les  an  assistant  superintendent  who  has  made  a  special 

of  the  subject  of  vocational  training,  and,  as  members  of 
aard,  are  private  citizens  representing  the  points  of  view 
iployers  and   employees." 

liam  HcCtellan:  It  was  my  privilege  for  several  years  to 
manual  training  school  work  as  a  teacher,  and  later  to  be 
cted  with  engineering  education  in  one  of  our  larger  insti- 
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Again,  when  Mr.  Williston  si)oke  this  morning  of  ambition, 
and  the  cultivation  of  it,  it  occurred  to  me  that  the  necessary 
condition  to  cultivate  it  and  to  have  it  grow  and  accumulate  is 
that  in  which  there  shall  be  not  only  an  inlet  but  also  an  outlet. 

The  man  whom  you  expect  to  be  an  ambitious  man  should 
never  find  himself  or  be  set  in  a  blind  alley.  I  am  impressed  in 
this  discussion  today  with  the  distinction  which  is  apparently 
made  between  the  so-called  vocational  school  and  the  so-called 
professional  school.  At  the  beginning  we  seem  to  be  dividing 
men  arbitrarily  between  those  who  must  go  into  vocations  and 
those  who  must  go  into  professions.  This  leads  me  to  think 
that  correlation  is  really  what  we  must  strive  for. 

Those  of  you  who  remember  Plato's  "  Republic  '*  recall  that  a 
scheme  was  laid  out  by  him  in  which  men  dropped  out  along  the 
road.  As  their  mental  abilities  were  discovered  by  the  state, 
they  were  arbitrarily  side-tracked  here  and  there,  and  there  was 
a  gradation  of  activities  imtil,  at  the  top,  was  government  in  its 
noblest  sense. 

I  have  never  framed  a  definition  of  the  word  "  professional  " 
as  applied  to  professional  schools,  but  it  has  seemed  to  me  that 
the  difference  between  a  profession  and  a  vocation  is  that  as 
you  deal  more  with  the  himian  element  you  get  into  what  we 
designate  "  professional  work.*'  That  is  the  reason  today,  I 
think,  that  the  occupations  of  the  clergyman,  the  lawyer,  and 
the  physician  are  regarded  as  professions.  We  hear  so  many 
ask  why  engineering  does  not  stand  with  the  professions,  and  I 
believe  that  the  answer  is  that  we  have  not  yet  begim  to  deal 
sufficiently  with  the  human  element. 

I  find,  however,  in  our  professional  schools,  so-called,  that  we 
are  turning  out  four  or  five  classes  of  men.  We  turn  out  the  mere 
operative,  the  man  who  for  all  his  life  must  stand  at  the  drawing 
board,  machine,  or  instrument  and  this  is  as  far  as  he  can  get. 
Then  we  have  the  engineer  business  man.  He  is  not  an  engineer 
in  the  true  sense.  Then  wc  have  the  genuine  engineer  who 
really  designs  and  constructs  on  original  lines.  And,  finally,  we 
have,  from  the  same  course  of  study,  a  type  of  man — for  which  I 
am  really  indebted  to  Professor  Bedell  for  a  name — the  "  in- 
dustrial physicist ''  who  does  not  actively  get  into  engineering 
but  who  applies  science. 

Now,  gentlemen,  these  classes  are  needed  and  we  must  arrange 
for  their  development.  We  must  start  with  the  boys  and  corre- 
late all  these  agencies  for  education  in  such  a  way  that  men 
will  find  themselves  by  natural  selection.  We  cannot  select 
them  at  the  beginning.  We  have  no  business  to  assume  that 
there  is  a  certain  class  of  vocational  is  ts  here  and  a  certain  class 
of  professionals  there  when  they  are  thirteen  or  fourteen  years  of 
age.  We  must  provide  means  in  our  system  for  professional, 
industrial,  vocational  and  what-not  education  in  proper  relation, 
so  that  the  workers  will  drop  into  vocations  and  professions  for 
which  they  are  particularly  adapted. 


Class  is  Carpestrv  at  Pratt  I; 
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In  line  with  that,  let  me  make  one  suggestion  which  I  think  I 
have  made  several  times  before,  and  that  is,  that  as  an  engineer 
I  do  wish  that,  as  far  as  professional  and  educational  interests 
are  concerned,  we  could  get  rid  of  the  use  of  adjectives. 

Yesterday  President  Dunn  spoke,  I  think,  of  some  thirty-four 
different  kinds  of  engineers  and  of  the  fact  that  when  we  want  to 
do  anything  in  this  country  for  engineers,  we  have  to  get  joint 
committees  for  pretty  nearly  every  one  of  the  thirty-four  organ- 
izations. Is  it  any  wonder  that  we  do  not  make  more  progress? 
I  wish  that  the  colleges  would  stop  using  the  adjectives  for  the 
mere  graduates,  or  bachelors,  and  call  them  graduates  in  engineer- 
ing. Later,  let  them  grow  into  engineers — civil,  sanitary, 
mechanical,  electrical,  bridge,  industrial,  and  so  on. 

Professor  Diemer:  Right  in  line  with  what  the  previous 
speaker  has  said  I  would  like  to  call  attention  to  a  charting  of 
industrial  education  along  Plato's  line,  only  modernized,  by 
Dean  Pearson  of  the  Tuck  School  of  Finance  in  Dartmouth  Col- 
lege. In  a  little  book  entitled  "  Industrial  Education  "  he  has 
outlined  a  chart  in  which  the  central  path  shows  the  continuous 
flow  of  the  common  school  education,  and  he  recommends  there 
a  branching  off  on  one  side  or  another,  particularly  the  establish- 
ment of  such  systems  of  education  in  which  a  child  can  be 
branched  off  at  any  stage,  we  will  say,  after  the  seventh  or  eighth 
grade,  and  made  to  receive  certain  lines  of  education  which  will 
insure  his  becoming  a  better  citizen  in  the  line  in  which  he  is 
forced  to  go. 

For  instance,  we  have  here  the  continuation  school  after  the 
seventh  and  eighth  grade,  and  we  advocate  that  the  common 
school  system  should  include  constantly  certain  principles  of 
fundamental  work,  we  will  say,  in  science  or  mechanics,  simpli- 
iying  those  terms  as  will  best  suit,  or  manual  arts,  arts  and  crafts, 
which  are  not  intended  to  be  in  any  sense  of  the  word  educational, 
but  general  culture.  Now  we  should  supplement  that  common 
school.  Dean  Pearson  says,  by  certain  systems  of  education  on 
the  one  side  branching  off  for  the  men  who  have  more  ability 
with  handicraft,  and  on  the  other  side  for  those  who  have  ability 
in  accoimting  and  clerical  work.  So  that  we  branch  off  on  the 
seventh  or  eighth  year  to  provide  a  system  of  education  which 
will  better  them  in  their  lives.  Then  we  must  provide  for  trade 
schools  or  for  industrial  schools  which  \vill  take  the  place  of  high 
schools  which  are  intended  as  a  system  flowing  into  the  college. 
Then  he  advocates  in  the  college,  also,  a  certain  differentiated 
technical  college  course.  He  would  have  this  college  course 
divided,  each  side  containing  a  predominancy  of  management, 
but  the  one  side  of  a  predominancy  of  the  scientific  technique 
and  the  other  of  instruction  in  accounting  and  financial  technique. 
I  simply  call  attention  to  that  suggestion  of  Dean  Pearson  as 
carrying  out  a  little  further  tlie  idea  of  the  i)rcvious  speaker. 

Comfort  A.  Adams :  I  wish  to  endorse  most  heartily  what  Mr. 
McC^lellan  has  said,  since  it  strikes  at  the  very  root  of  the  ])rob- 
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lem.  This  problem  is  not  solved  when  we  have  provided  in- 
dustrial education  for  those  who,  by  accident  of  birth,  cannot 
afford  anything  else,  although  that  is  doubtless  a  step  in  the 
right  direction;  the  ])roblem  is  not  solved  when  we  say  to  at 
least  80  per  cent  of  our  boys — '*  You  may  attain  to  the  position 
of  high  grade  mechanic  but  may  never  gain  admission  to  the 
professional  fields,  no  matter  how  much  better  your  native  tal- 
ents may  be  adapted  to  professional  work." 

At  the  same  time,  we  are  forcing  through  our  technical  profes- 
sional schools  many  young  men  who  are  there  chiefly  because  their 
parents  can  afford  to  give  them  the  higher  education  and  not  be- 
cause they  are  able  to  ])rofit  by  it  in  any  marked  degree.  I  am  not 
forgetting  the  numerous  scholarships,  evening  schools,  and  other 
aids  to  bright  boys  of  slender  purse,  but  I  think  you  will  find  on 
closer  scrutiny  that  the  beneficiaries  of  these  various  aids  come  in 
large  part  from  the  financial  upper  10,  or  at  outside,  20  per  cent  of 
the  population.  Neither  am  I  overlooking  the  very  exceptional 
men  who  cannot  be  kept  down  by  any  lack  of  opportunity ;  they 
make  their  own  opportunities.  If  we  were  to  base  our  educa- 
tional system  solely  on  the  needs  of  this  exceedingly  small  group, 
our  problem  would  disappear. 

We  thus  have  a  social  order  in  which  education  beyond  the 
rudiments  is  so  restricted  that  we  are  practically  wasting  a  large 
part  of  our  raw  material,  in  so  far  as  the  assorting  of  the  men  for 
the  various  occupations  and  professions  is  based  largely  upon 
accident  of  birth  rather  than  upon  real  fitness;  upon  the  extent 
of  the  parent's  pocketbook  rather  than  that  of  the  child's  intel- 
lect. 

The  only  factor  which  should  control  the  opportunity  for  an 
education  is  the  relative  ability  to  profit  by  it,  and  while  this  may 
seem  a  millenial  ideal  to  many,  our  talk  of  **  eqtial  opporttinity  " 
is  hypocritical  until  we  have  definitely  set  ourselves  the  task  of 
realizing  that  ideal. 

We  talk  much  of  efficiency  in  our  engineering  work,  but  we  are 
apt  to  overlook  these  very  vital  considerations  which  affect  so 
tremendously  the  efficiency  of  the  whole  social  organism  of  which 
we,  as  individuals,  are  very  small  parts. 

I  realize  fully  how  far  such  questions  reach,  and  that  they  in- 
volve the  consideration  of  many  subjects  and  problems  neither 
primarily  educational  nor  engineering  in  their  nature,  but  they 
are  problems  which  we  as  citizens  must  face,  and  many  of  which 
would  be  vastly  simplified  by  the  application  of  engineering 
methods. 

Therefore,  wliile  we  are  lending  our  cordial  assistance  to  the 
promotion  of  the  numerous  extensions  of  our  educational  system, 
let  us  not  lose  sight  of  the  ideal  of  **  equal  opportunity  '*;  let  us 
work  towards  that  ideal,  first,  as  '*  citizens  of  no  mean  country  " 
and  second,  as  members  of  no  mean  ])rofession. 

F.  C.  Caldwell:  I  am  glad  to  say  that  in  Ohio  we 
are  making  a  good  start  along  this  line  of  industrial  educa- 
tion.    Besides  the  general  a])])licati()ii  of  nianual* training  to  tht* 
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grammar  schools,  we  have  manual  training  high  schools  in  the 
larger  towns  and  in  Columbus,  at  least,  they  are  also  experi- 
menting with  the  alternate  week  cooperative  plan  in  connec- 
tion with  manufacturing  companies.  I  agree  with  Professor 
Williston  that  this  is  something  which  should  be  regarded  as  an 
experiment.  It  is  certainly  a  good  thing  for  some  cases  and 
always  much  better  than  nothing.  But  that  it  is  better  in  the 
case  where  a  man  is  able  to  put  all  his  time  into  his  school  work 
is  by  no  means  demonstrated. 

This  educational  attitude,  which  the  employers  of  labor  form- 
ing the  manufacturing  companies  are  coming  to  adopt  toward 
their  employees,  is  exceedingly  promising  in  one  direction  which 
has  not  been  mentioned.  When  the  personal  employer  was 
superseded  by  the  corporation  with  its  officers  there  was  a  great 
loss  in  the  personal  and  friendly  relationship  with  the  employee. 
I  suppose  a  good  many  here,  like  myself,  have  been  through  the 
shops  and  they  probably  fotmd,  imless  under  imusually  favorable 
conditions,  that  the  employees  felt  they  were  simply  parts  of  a 
big  machine,  that  their  personality  was  of  no  consequence;  that 
the  corporation  employed  them  to  do  a  job  and  that  it  was  a  mat- 
ter of  absolute  indifference  to  the  employer  whether  they  stayed 
or  went,  whether  they  advanced  or  not.  That  there  has  often 
been  some  justification  for  this  feeling  cannot  be  questioned.  It 
seems  to  me  that  what  you  might  call  the  **  educational  attitude  *' 
of  the  corporation  toward  the  employee  may  do  something  to 
fill  the  place  of  the  old  friendly  relationship  between  the  personal 
employer  and  the  employee. 

One  other  poiht  that  one  of  the  recent  speakers  brought  out 
ought  to  be  emphasized,  and  that  is,  that  whatever  we  do  in  the 
way  of  industrial  education  for  the  masses  should  always  have 
in  \new  the  possibility  of  carrying  a  man  further,  of  giving  him 
the  very  best  education  that  any  one  can  have.  I  do  not  like  the 
idea  that  when  a  man  selects  the  manual  training  high  school  or 
vocational  school,  he  is  thereby  shunted  off  from  the  natural 
course  of  advancement  into  the  university.  Wc  must  find  some 
way  by  which  a  man  who  comes  to  the  vocational  school  and 
thereby  develops  and  shows  the  qualities  which  will  fit  him  for  a 
jxjsition  as  an  engineer  should  have  the  opportunity  to  go  right 
on  up  to  the  top. 

M.  J.  McGowan,  Jr :  I  would  like  to  ask  a  question  with  refer- 
ence to  the  relation  of  the  engineering  society  to  the  state  boards 
of  education  in  the  different  states  of  the  United  States.  Does 
this  society  cooperate  in  every  state  with  the  state  board  of 
education,  to  teach  particularly  the  line  of  electricity?  I  ask  it 
for  this  reason.  In  the  state  where  I  come  from,  New  Jersey, 
the  doctors  are  interested  in  the  advancement  of  instruction  in 
their  line,  the  agriculturist  is  the  same  way,  and  all  the  different 
pr<ifes.sions  have  colleges  which  teach  their  particular  work.  But 
I  have  never  heard  of  anybcKly  being  interested  through  the  state 
boanl  of  education  to  take  up  the  technical  courses  in  the  schools 
of  tlie  state  as  to  this  line.     Now  having  lx*en  coimected  with 
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the  state  government,  I  took  great  interest  in  watching 
the  different  schools,  the  different  societies  and  professions 
which  are  interested,  but  at  no  time  in  the  state  of 
New  Jersey  have  I  seen  anybody  in  the  electrical  line  in- 
terested to  see  that  the  scholar  or  student  should  get  the 
preliminary  education  which  would  bring  him  in  toudi  with 
this  particular  line  or  profession.  I  think  this  is  a  very  impor- 
tant point  and  I  think  this  society,  in  this  joint  session, 
should  arrange,  in  all  states,  committees  who  would  wait  on  the 
state  boards  of  education  and  show  them  that  the  electrical 
field  today  is  one  of  the  greatest  and  most  promising  of  any  pro- 
fession that  has  ever  been  known.  In  the  city  from  which  I 
come,  Newark,  New  Jersey,  I  have  installed  in  one  school  a 
switchboard  apparatus,  for  technical  training  in  the  electrical 
field.  It  was  the  first  time  it  had  ever  been  done  in  this  twentieth 
century.  That  is  due  to  lack  of  encouragement  to  the  state 
board  to  show  that  this  particular  line  needs  taking  care  of. 
You  will  notice  that  all  these  technical  schools  are  situated 
nearby  the  different  electrical  industries.  That  shows,  in  my 
mind,  that  those  industries  are  greatly  interested  in  the  par- 
ticular schools  for  their  own  convenience,  for  which  I  do  not 
blame  any  man  or  any  corporation.  They  further  their  own 
interests.  We  must  try  to  eliminate  if  we  possibly  can  any 
stated  line  of  study  being  taught  or  the  following  of  any  particu- 
lar line  of  material  or  peculiar  workmanship.  Let  the  teacher 
be  interested  generally  and  go  through  it  all  from  a  to  z.  Don't 
lay  any  stress  on  any  company *s  manufacture  in  any  school. 
And  I  trust  that  in  this  way  we  shall  imdertake  to  cooper- 
ate with  the  heads  of  education  in  the  different  states.  Go  to  the 
governor  and  ask  him  if  he  wnW  appoint  some  representative 
from  the  engineering  society  or  from  this  joint  convention  to 
attend  to  that  matter,  and  l^y  doing  that  you  will  put  the  re- 
sponsibility for  the  teaching  of  electrical  science  in  the  public 
schools  of  the  different  states  up  to  the  A.  I.  E.  E.  to  see  that  the 
teaching  will  be  right. 

W.  G.  Raymond :  The  time  has  almost  arrived  when  we  shall 
have  to  ask  Professor  Jackson  to  close  the  discussion,  but  the  chair 
cannot  forego  this  opportunity  of  relieving  his  mind  of  something 
which,  perhaps,  you  will  consider  a  heresy.  You  have  been  dis- 
cussing principally  this  morning  the  details  of  industrial  educa- 
tion, and  sometimes  it  is  necessary  to  plan  the  details  before  we 
plan  the  general  structure,  but  it  is  always  necessary  to  provide 
the  means  before  the  general  structure  can  be  built.  I  do  not 
know  whether  you  all  realize  it,  although  you  all  doubtless 
know,  that  as  far  back  as  1862,  a  plan  was  outlined  and  provision 
was  made  by  the  Federal  Congress  for  putting  us  in  a  position 
that  we  are  not  now  in.  Tliis  committee  says  that  we  rank  be- 
hind European  nations  in  this  matter  of  industrial  education,  but 
if  it  had  not  been  that  the  funds  derived  from  the  act  of  1862 
have  been  almost  universally  miwSapplied  this  country  would  not 
now  be  in  that  position.     It  makes  no  difference  whether  the 
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colleges  of  mechanic  arts  established  under  that  act  were 
separate  institutions  or  combined  with  state  universities,  the 
money  has  never  been  used  for  the  development  of  mechanic 
arts.  I  think  without  exception  there  has  been  no  school  of 
mechanic  arts  created  in  any  state  under  that  act  which  pro- 
vided distinctly  for  schools  of  agriculture  and  schools  of  mechanic 
arts.     Dean  Jackson  will  now  close. 

J.  P.  Jackson :  I  suppose  from  the  remarks  made  by  Professor 
Raymond  that  he  is  not  familiar  with  the  basis  of  organization 
of  the  Land  Grant  Colleges.  The  measure  passed  by  Congress 
in  1862,  in  regard  to  the  establishment  of  tliese  useful  institu- 
tions, is  as  foUows: 

"  The  leading  object  shall  be,  without  excluding  other  scien- 
tific and  classical  studies,  and  including  military  tactics,  to  teach 
such  branches  of  learning  as  are  related  to  agriculture  and  the 
mechanic  arts,  in  such  a  manner  as  the  Legislatures  of  the  States 
may  prescribe,  in  order  to  promote  the  liberal  and  practical  edu- 
cation of  the  industrial  classes  in  the  several  pursuits  and  pro- 
fessions of  life."  This  includes  everything,  I  believe,  that  is 
being  taught  by  the  great  bulk  of  oiu*  State  and  United  States 
supported,  or,  to  use  the  official  t^itle,  Land  Grant  institutions. 
These  institutions  have  always  been  alive  and  vigorous,  have 
been  leaders  of  educational  thought  along  the  applications  of 
science,  and  have  proved  of  prime  usefulness  to  the  nation. 

W,  G.  Rajrmond:    I  agree  with  you. 

J.  P.  Jackson:  If  that  is  the  case,  I  need  say  no  more  on  that 
subject.  I  think  there  is  a  great  deal  in  what  Mr.  McGowan 
said;  his  plea  is  similar  to  that  contained  in  this  morning's  report 
by  the  educational  committee.  It  is  a  necessary  preliminary  to 
have  such  discussion  as  we  have  had  among  engineers,  in 
order  to  arouse  sufficient  interest  to  do  what  Mr.  McGowan  has 
asked.  His  plea  was  made  with  reference  to  a  specific  act.  Let 
me  broaden  it.  If  each  one  of  the  eleven  thousand  members  of 
these  two  societies  will  use  his  influence  in  his  local  community, 
to  get  in  touch  with  the  school  authorities — get  himself  appointed 
to  some  committee  or  otherwise  place  himself  where  he  can  be  of 
service — he  can,  or  the  eleven  thousand  members  can,  do  much  to 
raise  the  efficiency,  improve  the  happiness,  and  remove  the  dis- 
content that  seems  to  be  growing  among  the  hand  laborers  of 
this  nation.  If  the  Transactions  containing  the  discussion  of 
this  morning  persuade  only  five  hundred  of  the  eleven  thousand 
members  scattered  out  over  the  country,  who  are  now  inactive  in 
educational  matters,  to  engage  in  the  movement  under  discus- 
sion, this  meeting  will  have  been  well  worth  while.  It  will  have 
been  the  incentive  to  cause  men  of  intelligence  in  our  industries 
to  become  more  active  in  doing  what  Mr.  McGowan  suggests; 
that  is,  going  actively  and  practically  into  the  machinery  of  the 
state  to  help  develop  our  people  in  a  proper  manner.  I  say  to 
the  electrical  convention  here  assembled  and  to  the  American 
Institute  as  a  whole,  that  I  believe  there  is  no  other  way  in  which 
the  electrical  industries  can  be  so  rapidly  improved,  as  by  prop- 
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erly  solving  this  very  question,  which  we  are  disctissing  this 
morning,  with  reference  to  producing  the  greatest  efficiency  in 
our  young  people.  There  is  apparently  no  specific  answer  re- 
quired to  any  of  the  other  discussions  of  this  morning,  as  the 
papers  presented  were  really  not  under  discussion,  but  rather  the 
general  problem. 

Harry  Barker  (communicated  after  adjoiunnient):  Profes.sor 
Williston  has  iK>inted  out  the  vital  necessity  of  securing  the 
proi^er  boys  for  the  various  vocational  school  courses  and  the  diffi- 
culty that  such  schools  have  in  selecting  from  the  candidates 
presented. 

It  ought  not  to  be  necessary  for  the  vocational  school  instruct- 
ors to  have  to  ste])  out  of  their  true  sphere  to  do  this  work. 
They  cannot  hope  to  have  the  available  time  or  the  data  and 
information  at  hand  to  make  the  wisest  selections.  They  need 
not  t)erform  this  unwilling  function  if  the  cooperation  which  Mr. 
McClellan  and  others  have  si>oken  of,  is  .secured  \v'ith  the  pres- 
ent public  school  systems.  The  organization  of  vocational 
guidance  based  on  the  boy's  manifest  aptitude,  on  his  environ- 
ment and  heredity,  and  based  somewhat  on  a  psychological 
study  also,  has  advanced  to  such  a  stage  that  it  is  a  necessary 
link  between  the  existing  graded  schools  and  vocational  courses. 
The  work  has  risen  to  its  highest  development,  so  far,  in  voca- 
tional bureas  such  as  fovmd  in  Boston.  Trained  and  experienced 
men  now  find  out  what  work  or  study  the  various  pupils  seem 
best  fitted  for  and  how  far  they  seem  cai)able  of  progressing;  the 
counselors  advise  what  paths  pupils  may  well  follow  and  what  ends 
they  should  aspire  to,  and  finally  keep  track  of  them  for  a  greater 
or  less  number  of  years,  to  see  that  they  do  not  stagnate  either 
from  inherent  tendency  or  outside  influence. 

While  this  work  lias  been  carried  out  to  the  greatest  extent 
with  bureau  organization,  there  is  much  of  the  work  within 
the  ability  of  the  grammar  and  high-school  teachers  and  even 
such  modest  Ix'ginnings  are  better  than  waiting  for  the  organ- 
ization of  a  comi)letely  equii)pc(l  bureau.  Indexed  the  largest 
success  will  be  grratly  hastened  by  an  early  start.  This  func- 
tion, moreover,  is  one  very  properly  tied  in  with  the  work  of  the 
local  su])erinten<lent  of  schools,  acthig  as  the  general  adviser 
of  other  teachers  who  are  striving  to  make  some  safe  beginnings 
at  vocational  guidance,  and  as  the  collector  of  information  about 
local  industries  and  opportunities. 

There  is  not  time  here  to  describe  the  work  in  detail ;  it  can  be 
studied,  however,  by  those  interested.  In  reaching  out  for  co- 
operation with  state  boards  and  local  educational  authorities, 
this  is  a  chance  for  immediate  ellort  and  practical  benefits,  not 
to  be  neglected.  Where  there  is  a  vocational  school,  it  is  a  neces- 
sity for  efficient  work;  where  there  are  no  vocational  courses,  it  is 
of  the  greatest  possible  good  in  j)reventing  misfits.  Once  under- 
taken, it  will  lead  logically  to  such  vocational  courses  as  are  best 
suited  to  the  local  situation. 
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THE    WIRING    OF    LARGE    BUILDINGS    FOR 

TELEPHONE   SERVICE 


BY    FREDERICK    L.    RHODES 


In  modem  office  btdldings,  hotels  and  apartment  houses  large 
numbers  of  telephones  are  required.  It  would  be  inconvenient 
and  impracticable  to  run  a  pair  of  wires  through  one  of  these 
large  buildings  each  time  a  telephone  is  installed,  in  order  to 
establish  connection  with  the  outside  wire  plant  of  the  telephone 
system,  as  is  ordinarily  done  when  telephones  are  installed  in 
residences  or  small  business  buildings.  To  overcome  this  diffi- 
ctilty,  when  the  plans  are  prepared  for  an  office  building,  hotel 
or  apartment  house,  a  forecast  should  be  made  of  the  probable 
future  requirements  of  the  building  as  a  whole  for  telephone 
service,  and  facilities  provided  for  a  certain  amount  of  cabling 
with  the  necessary  terminals  and  subsidiary  wiring.  All  large 
cities  contain  many  buildings  that  are  cabled  and  wired  for  tele- 
phone service  according  to  a  comprehensive  plan,  and,  of  the 
smaller  places,  there  are  few  that  do  not  have  some  buildings  of  a 
character  requiring  more  or  less  provision  of  this  kind. 

Building  Plans  Should  Include  Provision  for  Telephone  Wiring, 
Owing  to  the  type  of  building  construction  generally  employed, 
and  the  large  number  of  telephones  to  be  served,  unless  suitable 
facilities  are  provided  in  advance  for  accommodating  the  cables 
and  wires,  and  for  running  them  through  the  walls  and  floors, 
the  work  will  either  be  unsightly  in  spite  of  all  precautions  to 
the  contrary,  or  expensive  and  costly  alterations  will  be 
required  after  the  completion  of  the  building  to  enable  the  wires 
to  be  effectively  concealed. 

It  is  therefore  of  prime  importance  to  owners  and  architects 
that,  in  preparing  plans  and  specifications  for  office  buildings, 
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hotels  or  apartment  houses,  suitable  arrangements  shotild  be 
made  for  such  telephone  wiring  and  terminal  boxes  as  the 
character  and  use  of  the  building  will  demand.  As  every  large 
building  to  a  certain  extent  presents  problems  of  its  own,  advan- 
tageous and  economical  arrangements  can  frequently  be  sug- 
gested by  those  who  are  specially  familiar  with  work  of  this 
kind.  It  is  to  the  advantage  of  telephone  companies  as  well  as 
building  owners  to  have  adequate  facilities  provided  for  the 
cables  and  wires,  and  telephone  companies  are  glad  to  place 
their  experience  freely  at  the  disposal  of  those  who  are  planning 
the  erection  of  buildings  that  require  special  provisions  to  be 
made.  It  is  now  the  general  custom  for  architects  to  send  for 
the  telephone  company's  experts  in  these  matters  to  give  them 
such  information  as  they  need  to  plan  this  work  in  the  best  way. 
Classification  of  Buildings.  In  the  following  pages  are  des- 
cribed the  general  methods  that  have  proved  satisfactory  for 
wiring  buildings  for  telephone  service.  From  this  standpoint 
buildings  may  be  divided  into  two  classes: 

1 .  Office  and  loft  buildings. 

2.  Hotels  and  apartment  houses. 

The  conditions  that  make  a  broad  distinction  between  the 
two  classes  are  these:  In  office  and  loft  buildings  the  telephones 
do  not  remain  fixed  either  in  number  or  location  for  any  extended 
period,  varying  with  the  requirements  of  the  individual  tenants, 
who  will  use  more  or  less  of  the  telephone  service  according  to 
their  respective  kinds  of  business.  In  hotels  and  apartment 
houses  the  number  of  telephones  is  fairly  definitely  fixed,  being 
almost  invariably  one  for  each  room  in  a  hotel  and  one  or  two 
for  each  apartment  in  an  apartment  house. 

The  office  or  loft  building  requires  a  permanent  cable  system 
supplemented  by  a  multitude  of  branches  consisting  of  pairs 
of  w4res  whose  function  it  is  to  connect  the  individual  telephones 
or  private  branch  exchange  switchboards  with  the  permanent 
cable  system.  This  permanent  backbone  of  cable  extends  upward 
from  the  basement,  branching  out  and  terminating  at  suitable 
distributing  points  on  the  several  floors.  These  distributing 
points  or  cable  terminals  must  be  sufficiently  numerous  and  so 
located  that  the  changing  requirements  of  the  tenants  can  readily 
be  met  by  running  individual  pairs  of  wires  as  needed  to  connect 
the  telephones  with  these  terminals. 

It  is,  therefore,  apparent  that  an  office  building  must  have  a 
more  comprehensive  and  flexible  system  of  wiring  than  a  hotel 
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or  apartment  house  on  account  of  the  diflferent  character  of  the 
telephone  service  required.  In  the  office  building  only  a  portion 
of  the  wiring  system  is  permanent.  In  a  hotel  or  apartment 
house  practically  all  of  the  wiring  is  pennanent. 

Office  Buildings 

General  Scheme  of  Wiring.  In  large  office  buildings  one  or 
more  cables  from  the  nearest  telephone  central  office  are  brought 
to  some  convenient  point,  usually  in  the  basement  of  the  building. 
At  this  point  the  house  cable  system  begins.  A  main  terminal 
box  (Fig.  1)  is  furnished  and  placed  by  the  telephone  company 
at  this  point  so  that  cross-connections  can  be  made  as  required 
between  pairs  in  the  house  cables  and  pairs  in  the  central  office 
cables. 

These  main  terminal  boxes  in  the  case  of  large  buildings  are 
necessarily  somewhat  bulky  and  the  question  of  the  size  of  the 
box  that  will  be  needed  in  any  particular  case  may  well  be  taken 
up  w^ith  the  telephone  company  by  the  architect  or  builder  in 
order  that  sufficient  space  for  it  can  be  provided  in  a  convenient 
and  appropriate  location  at  the  foot  of  the  riser  shaft  or  conduit, 
as  the  case  may  be.  A  dry,  clean  and  accessible  place  should  be 
selected.  In  some  sections  of  the  country,  where  buildings  are 
in  localities  subject  to  flpods,  it  will  be  well  to  provide  space 
above  the  basement  so  that  the  telephone  service  will  not  be 
interrupted  due  to  water  getting  into  the  basement. 

From  the  main  terminal  box  one  or  more  riser  cables  are  nm 
to  the  top  of  the  building.  The  riser  cables  gradually  diminish 
in  size  as  they  extend  up  through  the  building.  From  the  riser 
cables,  subsidiary  or  branch  cables  of  proper  size  are  taken  to 
distributing  centers  on  the  several  floors.  The  locations  of  these 
centers  should  be  chosen  so  as  to  admit  of  the  shortest  practicable 
wire  runs  to  the  offices,  without  making  objectionable  work 
necessary  to  conceal  the  wires. 

Each  subsidiary  cable  ends  in  a  subsidiary  terminal  box,  the 
purpose  of  which  is  to  enable  connections  to  be  made  readily 
between  the  cable  and  the  individual  pairs  of  wires  that  are  run 
to  each  telephone.  These  subsidiary  terminal  boxes,  when  placed 
by  the  telephone  company,  are  fastened  against  the  walls  of 
corridors  near  the  ceiling  and  constitute  the  ends  of  the  permanent 
wire  system.  Not  infrequently  the  owner  of  the  building  desires 
to  own  the  subsidiary  terminal  boxes  in  order  that  he  may  provide 
recesses  for  these  boxes,  and  small  doors  to  match  the  trim  of 
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the  building  so  that  the  boxes  will  be  concealed  from  view. 
Where  the  boxes  are  built  into  the  walls  it  is  important  that  they 
should  be  of  ample  capacity,  on  account  of  the  trouble  and  expense 
that  would  result  if  they  should  prove  inadequate  and  have  to 
be  replaced.  It  is  customary  to  allow  a  greater  margin  for 
growth  where  the  boxes  are  built  in  than  where  they  are  merely 


DiARV  Tekuinal  Box — 15  Pairs. 


fastened  against  the  wall.  Where  a  conduit  system  has  been 
installed  on  the  various  floors  for  the  purpose  of  distributing 
wires  to  each  office,  the  subsidiary  terminals  are  located  at  the 
centers  of  the  conduit  system.  Fig.  2  shows  a  subsidiary  ter- 
minal box,  recessed  in  a  corridor  wall,  under  the  molding,  and 
also  a  subsidiary  box  placed  agunst  the  wall  under  the  molding. 
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Forecasting  the  Number  of  Telephones.  In  forecasting  the  num- 
ber of  telephones  that  will  probably  be  required  in  an  office 
or  loft  building,  the  principal  factors  to  be  taken  into  account  are 
the  ••  renting  floor  area  "  of  the  building  and  the  character  of 
the  business  district  in  which  it  is  situated,  with  special  reference 
to  its  proximity  to  railway  terminals,  important  streets  and  busi- 
ness centers. 

Buildings  in  the  financial  district  of  a  city  ordinarily  demand 
more  telephones  per  unit  of  floor  area  than  do  buildings  located 
in  the  commercial  districts.  In  computing  the  *'  renting  floor 
area,  "  only  the  office  floor  space  is  considered;  hallways,  elevator 
shafts  and  light  wells  are  omitted.  In  all  cases  a  safe  margin 
for  growth  must  be  allowed.  The  following  table  shows  rough 
average  figures  for  telephonic  density  in  office  and  loft  buildings, 
based  on  a  large  number  of  cases: 


Kind  of  building 

Character  of  district 

Pairs  of  telephone  wires 
per  1000  sq.  ft. 
of  renting  area 

Office 
Office 
Loft 

Financial 

Commercial 

Commercial 

4    to  5 
2i  to  3i 
1    to  2 

Size  of  Riser  Cables.    By  basing  the  size  of  the  riser  cables 
on  the  renting  area  and  the  expected  telephonic  density  as  influ- 
enced by  the  character  of  the  locality  (checkinj^  this  by  a  study 
of  the  probable  number  of  offices  and  the  requirements  of  pro- 
spective tenants),  the  cable  system  for  any  office  or  loft  building 
may  be  planned  with  reasonable  assurance  that  provision  will 
be  made  for  the  maximum   service   required.     On  account  of 
the  requirements  for  battery  feed  wires  and  ringing  current  for 
private  branch  exchanges,  the  riser  cables  necessarily  contain 
more  pairs  than  do  the  cables  that  run  from  the  building  to 
the    telephone   central   office. 

Shafts  or  Conduits  for  Riser  Cables.  In  buildings  over  12 
stories  in  height  or  in  buildings  of  less  height,  where  large  riser 
cables  are  required,  it  is  preferable  to  place  the  riser  cables  in 
suitable  shafts  rather  than  in  conduits,  as  the  advantage  of 
having  the  cable  protected  by  conduits  is  offset  by  the  difficulty 
of  installing  and  properly  fastening  the  large  cables  in  the  con- 
duits and  making  large  complicated  splices  in  the  junction  boxes 
that  are  required  with  a  conduit  system. 
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If  properly  installed,  a  conduit  system  is  the  best  equipment 
for  buildings  less  than  12  stories  in  height  where  small  cables 
are  to  be  placed,  as  the  cables  are  effectually  protected  against 
injury.  It  is  important,  however,  to  remember  that  the  success 
of  a  conduit  system  for  installing  vertical  cables  depends  entirely 
on  a  perfect  installation.  The  conduits  must  be  of  proper  size 
and  if  possible  free  from  bends.  If  bends  are  absolutely  neces- 
sary, they  should  be  made  with  a  radius  not  less  than  three  feet. 
The  junction  boxes  at  splicing  points  must  be  at  least  two  feet 
square  and  the  conduits  must  enter  the  boxes  adjacent  to  a  side 
in  order  that  the  cable  may  be  bent  and  placed  in  a  horizontal 
position  for  splicing. 

Cable  Shafts,  Cable  shafts  should  extend  from  the  basement 
of  the  building  to  the  top  floor  and  should  be  easily  accessible 
at  each  floor  for  the  placing  and  splicing  of  the  cables.  Usually 
the  shaft  can  best  be  located  in  a  corridor  partition,  or  in  the 
wall  of  some  public  space  leading  out  from  the  corridor,  so  that 
an  opening  can  be  made  into  the  shaft  from  the  corridor  and 
covered  with  removable  paneling  or  doors. 

It  is  desirable  to  have  a  separate  shaft  for  telephone  cables 
and  wires,  as  the  placing  of  steam,  water  or  gas  pipes  and  light 
and  power  wires  in  the  same  shaft  with  the  telephone  cables 
renders  the  latter  liable  to  injuries  that  may  result  in  inter- 
rupting the  telephone  service. 

Underground   Cable  Entrance  to  Building,     Repairing  base- 
ment walls  and  their  waterproofing,  due  to  the  necessity  for 
cutting  through  them,  can  be  avoided  if  architects  will  specify 
a  three-inch  iron  pipe  sleeve  for  each  ultimate  underground  cable 
entering  the  building,  these  sleeves  extending  through  the  wall 
at  the  point  of  entrance.    The  location  of  the  point  of  entrance 
should  be  taken  up  with  the  telephone  company  in  order  that  it 
may  suitably  fit  in  with  the  underground  conduit  system  outside 
the  building. 

Junction  Boxes,  Riser  cables  ordinarily  diminish  in  size  as 
they  go  up  the  building.  When  a  building  is  provided  with 
conduits  for  both  riser  and  subsidiary  cables  the  conduit  may 
diminish  in  size  in  the  vertical  section  in  the  same  relative  manner 
as  it  is  proposed  to  diminish  the  riser  cable.  Where  a  separate 
conduit  is  installed  for  each  subsidiary  cable  a  splice  is  required 
between  the  subsidiary  and  the  main  cable  and  a  junction  box 
is  required  wherever  one  of  these  splices  must  occiu".  These 
boxes  should  be  approximately  24  inches  square  by  five  inches 
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deep  (inside  dimensions)  in  order  to  enable  the  splices  to  be 
properly  made  and  stowed  away.  In  a  system  of  this  kind  the 
subsidiary  cables  and  the  sections  of  the  riser  cable  between 
floors  are  run  separately  and  spliced  in  the  junction  boxes. 

Terminal  Boxes,  The  terminal  boxes  in  which  the  subsidiary 
cables  end  must  be  large  enough  to  accommodate  the  necessary 
connecting  blocks.  In  most  cases,  boxes  18  inches  square  by 
five  inches  deep  (inside  dimensions)  are  sufficiently  large.  These 
boxes  are  installed  on  each  floor  as  near  the  wiring  center  as 
possible,  and  where  there  is  a  conduit  system  on  the  floor, 
they  arc  connected  with  each  office  by  a  5/8-inch  or  3/4-inch 
conduit  which  ends  in  the  office  at  an  outlet  located  either  at  the 
baseboard  or  the  molding.  Outlets  should  be  located  at  the 
baseboard  when  it  is  of  wood.  If  the  baseboard  is  of  metal  or 
marble  the  outlet  should  be  located  at  the  molding. 

In  many  cases  owners  of  buildings  do  not  desire  to  install 
conduits  from  the  subsidiary  boxes  on  each  floor  to  every  office. 
By  providing  suitable  moldings,  properly  arranged  to  carry  the 
individual  pairs  between  the  subsidiary  boxes  and  the  offices, 
wiring  that  is  practically  concealed  can  be  done  without  the 
expense  of  conduits,  and  as  the  wiring  is  permanent  only  as 
far  as  the  subsidiary  boxes,  the  system  is  flexible  enough  to  allow 
a  suitable  distribution  of  cable  wires  among  the  various  rooms  on 
a  floor. 

Where  this  plan  of  wiring  is  employed  the  subsidiary  boxes 
may  be  made  smaller  than  where  individual  conduits  to  the 
rooms  are  installed.  The  following  table  shows  the  outside 
dimensions  of  the  present  standard  sizes  of  subsidiary  boxes: 


Number  of  pairs  of  wires    ,    Height  of  box  in        Width  of  box  in  Depth  of  box  in 

terminated  in  box  '  inches  inches  '  inches 


Regular  Extra 

10                      1  12i  6}  2| 

15                      1  16  Oi  2| 

20                       1  21  6|  2} 

30                       2  16  12  2| 

40                       2  21  >  12}  I                   2\ 


I'^ig.  2  shows  a  front  elevation  and  section  of  one  of  these  boxes. 

^he  equipment  consists  of  a  connecting  block  strip  and  a  form 

^^  banning  strip.    The  connecting  l)lock  is  of  insulating  material 

a-ncl  carries  a  pair  of  binding  posts  for  each  pair  of  cable  wires  to 
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be  terminated  in  the  box.  The  form  strip  is  of  wood  and  serves 
merely  as  a  guide  to  preserve  an  orderly  arrangement  for  the 
individual  twisted  pairs  that  run  from  the  telephone  to  the  box. 
These  twisted  pairs  pass  through  holes  in  the  form  strip  and  are 
secured  under  the  nuts  and  washers  of  the  binding  posts,  as  are 
also  the  wires  of  the  cable. 

Cross-Connecting  Boxes.  Where  a  private  branch  exchange 
switchboard  is  to  be  installed,  a  cross- connecting  box  will  be 
required.  The  wiring  center  in  a  case  of  this  kind  is  at  the  cross- 
connecting  box  and  not  at  the  private  branch  exchange  switch- 
board. 

Use  of  Moldings.     As  shown  in  Fig,  2,  the  subsidiary  boxes 


are  placed  near  the  ceiling  and  wide  shell  molding,  Fig.  3,  should 
be  provided  in  the  halls  for  carrying  the  paired  wires  from  the 
subsidiary  boxes  to  the  rooms.  A  smaller  molding  should  also 
be  provided  in  the  individual  rooms  for  carrying  the  wires  to 
the  particular  locations  desired.  The  space  for  the  wires  at  the 
tops  of  these  moldings  should  not  be  enclosed  but  should  be  left 
open.  The  object  is  to  provide  a  continuous  trough  from  each 
subsidiary  box,  reaching  out  to  every  room  that  is  to  be  fed  from 
it.    Fig.  3  illustrates  a  section  of  one  of  these  moldings. 

Where  it  is  necessary  to  make  a  concealed  run  across  the  ceiling 
of  a  hall,  in  order  to  avoid  carrying  exposed  wires  across  the 
finished  ceiling  or  to  obviate  making  a  circuitous  nin  around  the 
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hall  to  reach  rooms  on  the  opposite  side  from  the  subsidiary 
box,  conduit  should  be  laid  in  the  ceiling  before  the  plastering 
is  completed,  to  enable  a  small  cable  to  be  carried  across  the  hall 
to  provide  for  such  lines.     (Fig.  4.) 

Where  the  wires  enter  a  room  from  a  hall  molding,  a  piece 
of  3/4-inch  conduit  should  be  placed  in  the  partition  to  enable 
the  wires  to  be  carried  through  it  from  the  molding  in  the  hall 
to  the  molding  in  the  room.  This  avoids  the  necessity  for  drilling 
holes  through  the  partition  after  the  building  is  completed,  which 
would  be  likely  to  result  in  damaging  the  finished  wall.  The 
conduit  should  either  be  lined  with  insulating  material  or  the 
sharp  edges  around  the  inside  of  the  pipe  should  be  rounded  off. 
(Fig.  3.) 


FLOOK 


Fig.   4 — Method    of 


Placing    Iron    Conduit     across    Ceiling 
Hall. 


OF 


Kind  of  Cable.  Paper-insulated  lead- covered  cables,  such  as 
are  used  by  telephone  companies  in  their  outside  plant,  are  the 
most  desirable  for  use  in  building  work.  These  cables  are  smaller 
andless  costly  for  the  same  number  of  wires  than  cables  of  rubber- 
insulated  wires.  With  this  type  of  cable  all  of  the  terminals  must 
be  made  with  lead-covered  silk  and  cotton-insulated  cable,  boiled 
out  in  beeswax  or  approved  compound,  and  carefully  shellaced, 
as  the  paper  instdation  will  not  stand  handling  if  exposed,  and 
moisture  must  be  prevented  from  entering  the  paper-insulated 
cable.  Should  the  terminal  of  necessit\'  be  in  a  particularly 
damp  location  it  must  be  made  with  rubber-covered  wires. 


1376  RHODES:  TELEPHONE  WIRING  [June  27 

General  Arrangement  of  Riser  and  Subsidiary  Cables,  From 
what  has  already  been  said  it  will  be  seen  that  the  general 
arrangement  of  riser  and  subsidiary  cables  is  practically  the 
same,  irrespective  of  whether  conduits  or  shafts  and  moldings 
are  provided. 

The  splicing  of  the  subsidiary  cables  for  each  floor  to  the  riser 
cable  is  usually  done  so  that  a  given  pair  of  wires  in  the  riser 
cable  is  available  for  use  on  more  than  one  floor.  This  is  termed 
"  bridging  "  the  conductors  and  furnishes  a  multiple  system  of 
distribution.  By  this  means  the  flexibility  of  the  system  is 
increased  and  fewer  spare  pairs  need  be  provided  in  the  riser 
cable  than  would  be  required  if  there  were  no  *'  multipling." 

From  records  of  a  large  number  of  house  cable  systems  it  has 
been  found  that  by  bridging  about  two-thirds  of  the  pairs  in  the 
riser  cable  at  the  subsidiary  branches  the  most  advantageous 
balancing  of  facilities  is  obtained.  If  less  bridging  is  done  it  often 
happens  that  many  of  the  subsidiary  cables  become  congested 
before  the  riser  cable.  Owing  to  the  use  of  standard  size  cable  it 
is  frequently  necessary  to  make  either  risers  or  subsidiaries  some- 
what larger  than  the  exact  number  indicated  by  the  density 
study.  The  use  of  such  cables  may  cause  the  proportion  of 
bridging  to  vary  from  one-half  to  three-quarters. 

In  splicing  the  subsidiary  cables  to  the  riser  cable  in  buildings 
of  moderate  size,  it  is  not  economical  to  open  the  large  riser 
cable  on  each  floor.  In  such  cavSes,  the  plan  followed  is  to  take  out 
from  the  riser  cable  at  one  floor  the  small  subsidiary  cables  for 
several  floors  and  to  carry  Ihcm  from  that  point  up  or  down  to 
their  respective  floors. 

Methods  of  Installation.  If  the  riser  cable  is  placed  in  a  shaft 
the  main  cable  and  its  subsidiary  branches  are  often  spliced 
together  on  the  roof  of  the  building  or  in  some  upper  story  and 
then  lowered  into  place.  In  some  cases  the  splicing  is  done  in 
the  telephone  company's  shop  and  the  cable  shipped  to  the 
building  ready  to  be  installed. 

For  supporting  the  cable  a  steel  strand  is  used.  TwcTor  three 
wraps  of  iron  wire  are  made  about  the  cable  at  frequent  intervals 
and  these  are  attached  to  the  strand  by  separating  the  individual 
wires  of  the  latter  and  passing  the  tie  wires  through  the  inter- 
stices of  the  strand.  If  the  subsidiary  cables  are  more  than 
about  30  feet  in  length  only  a  short  section  of  each  is  spliced  to 
the  riser  cable  before  lowering.  In  this  case  the  subsidiary 
branches  are  run  and  spliced  to  these  stubs  after  the  riser  is 
put  in  place. 
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Special  Conduit  Work.  In  the  methods  above  described  the 
facilities  provide  for  locating  the  telephones  on  or  near  walls  or 
partitions,  as  this  is  the  most  common  location.  It  can  sometimes 
be  foreseen  by  owners  or  architects  that  telephones  will  be 
required  at  some  distance  from  a  wall  or  partition,  as  would  be  the 
case  with  a  desk  placed  in  the  center  of  the  room.  Where  an 
arrangement  of  this  kind  is  desired  the  owner  should  provide 
a  duct  in  the  floor  extending  from  the  location  of  the  telephone 
to  the  pictiu'e  molding  on  the  wall  or  to  some  other  place  easily 
accessible  for  wiring.  A  duct  of  this  kind  should  end  at  the  floor 
in  a  floor  box  covered  with  a  flush  plate. 

It  sometimes  happens,  particularly  in  buildings  used  by  large 
corporations  or  firms,  that  entire  undivided  floors  are  occupied 
by  large  numbers  of  desks.  Telephone  service  is  frequently 
required  at  all,  or  a  large  part  of  these  desks,  and  the  locations 
and  arrangement  of  the  desks  on  che  floor  may  from  time  to  time 
be  changed.  The  floors  of  these  buildings  are  often  of  fire- 
proof construction.  To  meet  a  situation  of  this  kind  adequately 
it  is  necessary  to  be  able  to  carry  individual  pairs  of  concealed 
wires  to  desks  placed  at  any  points  on  the  floor,  so  that  great 
diflSculty  and  expense  would  be  encountered  in  providing  con- 
cealed wiring  if  suitable  facilities  admitting  of  the  utmost 
flexibility  were  not  provided  in  advance. 

The  best  method  of  doing  this  is  to  carry  branches  from  the 
riser  cable  in  conduits  to  convenient  building  piers,  placing 
subsidiary  junction  boxes  at  the  bases  of  these  piers.  The  entire 
floor  is  then  provided  with  small  floor  outlets  placed  at  the  cor- 
ners of  squares  about  eight  feet  apart,  each  outlet  being  connected 
by  conduit  in  the  floor  with  the  nearest  subsidiary  junction  box 
at  a  building  pier.  Where  the  floors  are  not  of  fireproof  construc- 
tion, the  individual  pairs  of  wires  are  run  in  small  channels 
grooved  out  of  the  floor  beams  on  their  upper  surface.  The  loca- 
tions of  these  channels  should  be  accurately  marked  above  the 
finished  floors.  Small  brass  nails  are  convenient  for  this  purpose. 
When  a  telephone  is  required  at  a  desk  the  flooring  over  the 
nearest  channel  is  cut  through,  thus  establishing  a  connection 
through  the  channel  with  a  subsidiary  terminal,  conveniently 
placed,  the  wires  being  fished  through  the  channel  in  the  ordinary 
manner. 

Arrangement  of  Conductors  to  Insure  Flexibility  in  Operating 
the  System.  In  order  that  the  main  terminal  box  may  be  as 
small  as  practicable  the  number  of  cross-connections  to  be  made 
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in  it  should  be  kept  at  a  minimum.  This  is  also  important  from 
maintenance  considerations.  To  enable  this  to  be  done  the 
method  of  distribution  is  arranged  in  a  similar  manner  to  that 
employed  in  other  portions  of  the  telephone  plant.  A  certain 
number  of  pairs  of  wires  in  the  riser  cable  are  directly  connected 
to  the  cable  entering  the  building  from  the  telephone  exchange. 
These  connections  are  made  in  a  lead-covered  splice  and  the 
pairs  of  wires  thus  spliced  directly  through  do  not  appear  in  the 
main  terminal  box. 

Certain  other  pairs  in  the  riser  cable  are  brought  to  terminals 
in  the  main  terminal  box.  The  remainder  of  the  pairs  in  the  riser 
cable  are  directly  spliced  to  pairs  in  the  exchange  cable  and  these 
same  pairs  are  also  brought  out  by  means  of  a  branch  splice  to 
terminals  in  the  main  terminal  box.  If  there  are  any  extra  pairs 
in  the  exchange  cable  that  are  not  directly  spliced  to  pairs  in  the 
riser  cable  they  also  are  terminated  in  the  main  terminal  box. 

This  arrangement,  if  the  pairs  have  been  skilfully  distributed, 
permits  of  great  flexibility  and  reduces  to  a  minimum  the 
number  of  cross-connections  required  in  the  main  terminal  box. 
The  pairs  that  are  connected  straight  through  from  the  exchange 
cable  to  the  riser  cable  without  appearing  in  the  main  terminal 
box  are  used  for  the  direct  line  telephones  in  the  building  and 
for  private  branch  exchange  trunk  lines.  The  pairs  of  the 
exchange  cable  that  appear  in  both  the  main  terminal  box  and 
the  riser  may  be  used,  first  at  the  various  floor  boxes  in  the  event 
of  the  congestion  of  the  direct  exchange  pairs  that  appear  in  these 
boxes,  and  second  in  the  main  terminal  box  for  battery  and  gen- 
erator circuits  and  for  overflow  of  business,  due  to  erratic 
growth  in  lines  on  the  various  floors  in  the  building,  by  cross- 
connecting  to  the  house  cable  conductors  extending  to  these 
floors.  House  cable  pairs  terminating  in  the  main  terminal 
box  are  used  for  private  lines  and  miscellaneous  circuits  and  for 
providing  battery  and  generator  circuits  between  the  box  and 
the  various  private  branch  exchanges  by  cross-connecting  to  the 
exchange  cable  in  the  main  box. 

Examples  of  Office  Building  Wiring 

The  Hudson  Tenninal  Buildings  in  New  York  City,  extending 
from  Cortlandt  to  Fulton  Streets,  one  block  west  from  Broadway, 
afford  an  example  of  the  facilities  required  for  telephone  service 
in  the  case  of  office  buildings  of  the  largest  size.  The  two  Ter- 
minal buildings  are  treated  as  a  unit  so  far  as  the  telephone  wiring 


19121  RHODES:  TELEPHONE    WIRING  1379 

is  concerned.  Together  they  contain  nearly  a  million  square 
feet  of  renting  area  and  at  the  present  time  have  about  3000 
telephones.  These  data,  with  Fig.  5,  Plate  LXXIV,  a  perspec- 
tive view  of  the  buildings,  will  indicate  the  magnitude  cf  the 
wiring  problem. 

The  cabling  and  wiring  of  these  buildings  is  illustrated  by  the 
following  figures: 

Fig.  G  is  an  elevation  of  the  riser  cables,  showing  the  con- 
nections with  the  exchange  cables  and  the  general  arrangement 
of  the  branch  cables  to  each  floor.  Fig.  7  is  a  detail  elevation 
showing  typical  **  multipling  **  of  the  branches  from  the  risers  to 
the  floors  and  of  the  subsidiary  cables  on  the  floor.  ^  Fig.  8  is  a 
typical  floor  plan  showing  the  locations  of  the  riser  cables,  the 
floor  cables,  the  floor  terminals  and  the  wire  runs  in  the  hall 
moldings  to  each  office. 

At  the  present  time  there  are  three  606-pair  underground 
cables  extending  from  the  telephone  central  office  to  these  build- 
ings. The  central  office  cables  are  spliced  to  the  house  cables 
near  the  main  terminal.  About  16  per  cent  of  the  pairs  in  the 
central  office  cables  are  connected  directly  to  pairs  in  the  riser 
cables  that  do  not  terminate  at  the  main  frame  terminal  of  the 
buildings.  The  remaining  84  per  cent  of  the  pairs  in  the  central 
office  cables  are  bridged  to  pairs  in  the  riser  cables  which  also 
appear  at  the  main  frame  terminal.  All  pairs  from  the  central 
office  cables  that  are  directly  connected  to  house  cable  pairs  are 
marked  D  F,  All  pairs  from  the  central  office  cables  that  are 
connected  to  house  cable  pairs  that  also  appear  at  the  main 
frame  terminal  are  marked  F.  The  balance  of  the  pairs  in  the 
house  cables  (marked  H)  have  no  connection  with  pairs  in  the 
central  office  cables  except  by  cross-connection  at  the  main  build- 
ing terminal,  where  they  may  be  connected  as  desired  to  pairs  in 
the  central  office  cables  that  are  also  bridged  to  riser  cable  pairs. 

As  new  cables  to  the  central  office  are  added  to  meet  the 
demand  for  additional  telephone  service  in  these  buildings,  the 
existing  central  office  cable  requiring  relief  will  be  left  directly 
connected  to  the  riser  cable  system  and  the  bridged  pairs  will 
be  transferred  to  the  new  cable. 

The  riser  cables,  of  which  there  are  five  in  all,  arc  located  in 
cable  shafts  beside  the  elevator  shafts,  Fig.  8.  On  each  normal 
floor  are  provided  conduits  extending  from  the  cable  shaft  to 
each  of  the  five  subsidiary  terminals  on  that  floor.  In  Fig.  8 
these  conduits  and  the  subsidiary  terminals  are  shown  by  solid 
lines.     Broken  lines  represent  the  runs  of  individual  twisted 
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:  wires  in  moldings  from  the  subsidiary  floor  terminals 
office  on  the  floor. 
cxx>imt  of  its  complexity,  the  entire  scheme  of  multiple 
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Fig.  7 — Hudson  Terminal  Bt'iLDiNos. 

distribution  of  cable  pairs  on  the  5th  to  l.'>th  floors,  inclusive,  in  Cortlandt 

Street  Building. 


tion  for  these  buildings  is  not  shown  in  full  detail.  The 
3S  are,  however,  illustrated  in  Fig.  7,  which  shows  the 
e  lay-out  of  the  distributing  cables  branching  from  two 
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points  of  the  riser  cable  system  of  the  southernmost  (Cortlandt) 
building  and  fcodJnR  from  the  fifth  to  the  fifteenth  floors,  inclu- 
sive.    The  distribution  for  the  fifth  to  eighth  floors  inclusive 
represents  one  of  the  simplest  cases  in  these  buildings.    That  fot 
the  ninth  to  fifKx-nlh  floors  is  one  of  the  most  complicated,  due  ^o 
the  special  demands  brought  about  by  cert^n  private  braa«z::h 
exchange  requirements. 

In  portions  of  these  buildings,  on  account  of  private  brai^k^d 


exchanges,  some  of  the  floor  distributing  branches  from  the  riser 
cables  that  would  be  needed  to  supply  individual  tenants,  are 
not  required  at  the  present  time.  Stubs  containing  the  cable 
pairs  that  would  normally  appear  on  these  floors  are,  however, 
provided  and  left  in  the  cable  shaft  so  that,  merely  by  splicing 
subsidiary  cables  to  these  stubs,  service  on  these  floors  of  a 
different  character  could  readily  be  established  if  changed  office 
conditions  should  render  this  necessary. 

The  requirements  for  telephone  service  in  these  buildings  are 
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SO  large  that  a  main  distributing  frame  is  installed  to  act  as  the 
main  building  terminal.  This  frame  serves  the  same  purpose 
as  the  terminal  box  equipment  shown  in  Fig.  1 ,  namely  to  enable 
the  pairs  from  the  central  office  cables  to  end  in  a  compact  series 
of  terminal  lugs,  and  the  pairs  from  the  house  cables  in  another 
series  of  tenninal  lugs;  the  lugs  being  so  arranged  that,  by  short 
lengths  of  twisted  pair  wire,  cross  connection  can  readily  be  made 
between  any  pair  brought  to  the  frame  from  the  central  office 
cables,  and  any  pair  brought  from  the  house  cables.  This 
permits  great  flexibility  of  distribution.  In  the  **  multipling  " 
diagrams,  Figs.  6  and  7,  the  numbering  of  the  pairs  in  the  house 
cable  system  is  on  the  basis  of  two  groups.  All  feeder  pairs  in 
the  house  cable  system,  whether  directly  spliced  to  pairs  in  the 
central  office  cables  and  not  appearing  at  the  main  terminal,  or 
bridged  to  pairs  in  the  central  office  cables  and  also  appearing 
at  the  main  terminal,  are  numbered  from  one  up  and  designated 
either  DF  for  direct  feeder  or  F  for  bridged  feeder  pairs. 

All  pairs  in  the  house  cable  system  that  terminate  at  the  main 
terminal  without  being  directly  connected  or  bridged  to  the 
central  office  cables  are  numbered  as  a  separate  group  from  one 
up  and  are  designated  H  for  house  pairs. 

Eleven- Siory  Store  and  Office  Building,  This  building  is 
chosen  as  an  example  of  a  complete  conduit  installation.  Fig. 
9  is  a  plan  of  one  of  the  office  floors  and  Fig.  10  shows  elevations 
of  the  conduit  system  and  the  cable  system.  The  diameters 
of  the  conduits  are  indicated  in  order  to  show  how  the  conduits 
decrease  in  size  with  the  cables  as  they  'rise  up  through  the 
building. 

Owing  to  the  lower  i)ortion  of  this  building  being  arranged 
for  stores,  the  office  distribution  on  certain  of  the  riser  cables 
does  not  begin  until  the  sixth  floor  is  reached. 

Loft  Buildings 

Conduits  for  wires  or  cables  are  rarely  provided  in  loft  build- 
ings. The  riser  cables  are  placed  in  shafts  and  the  wires  are 
distributed  on  each  floor  along  the  baseboards.  The  \\4re  center 
on  each  floor  is  usually  at  the  baseboard  near  the  passenger 
elevator  shaft.  Although  this  arrangement  is  undesirable  in 
many  cases,  it  is  difficult,  on  account  of  the  floors  being  undi\aded 
and  the  locations  of  the  telephones  not  being  known  until  the 
premises  are  occupied,  to  make  any  provision  in  advance  for 
distributing  the  wires.  A  system  of  conduits  and  floor  boxes 
would  be  expensive  and  is  not  considered  necessary. 
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Where  one  firm  occupies  the  entire  loft  building,  the  size 
of  the  riser  cable  is  determined  entirety  by  the  equipment  of  the 
private  branch  exchange  switchboard  and  Ihc  probable  future 
requirements  of  the  firm  as  to  telephone  service.  In  a  case  of 
this  kind  the  center  of  the  wire  system  is  at  a  cross-connecting 
box  located  close  to  the  private  branch  exchange  switchboard. 

A  modification  of  the  method  of  distribution  already  described 
for  office  buildings  is  usually  employed  in  loft  buildings.  The 
riser  cable  is  divided  into  two  parts  termed  "  bridged  feeder  " 
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and  "  house  cable.  "  The  house  cable  pairs  are  terminated 
in  the  main  terminal  box  near  the  foot  of  the  riser,  and  the 
bridged  feeder  pairs  are  directly  connected  to  pairs  in  the  ex- 
change cable  and  also  by  a  branch  splice  are  terminated  in  the 
main  terminal  box. 

Example  of  Loft  Building  Wiring.  Fig.  1 1  show-s  the  floor  plan 
and  cable  distribution  of  a  twelve-story  loft  building.  It  will 
be  noted  that  the  arrangement  of  pairs  does  not  agree  with  the 
preceding  statement  that  in  loft  buildings  the  riser  cable  is 
divided  only  into  bridged  feeder  and  house  cable  groups.    This 
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diagram  shows,  in  addition  to  these  groups,  certain  direct  feeder 
pairs.  The  reason  is  that  it  is  expected  that  this  particular  loft 
building  will  sooner  or  later  be  partitioned  off  for  office  use, 
and  this  condition  has  been  anticipated  in  planning  the  cable  dis- 
tribution. 

Hotels  and  Apartment  Buildings 

General  Scheme  of  Wiring.  The  telephone  systems  for  hotels 
and  apartment  buildings  differ  from  those  for  office  and  loft 
buildings  in  one  important  respect.  Hotels  and  apartincnt 
buildings  can  be  w-ired  in  advance  on  a  permanent  basis  on  ac- 
count of  the  probability  that  there  will  be  no  essential  change  in 
the  number  of  wires  needed,  the  ultimate  requirements  being 
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Fig  11 — 12-Story  Loft  Building. 


closely  detennincd  by  the  number  of  rooms  or  apartments. 
The  locations  for  the  telephones  in  the  various  apartments  or 
rooms  are  also  generally  permanent  and  the  relative  locations 
of  the  telephones  are  the  same  on  each  floor. 

The  telephone  system  installed  in  these  buildings  consists  of 
a  j)rivate  branch  exchange  switchboard  located  at  some  con- 
venient point,  usually  on  the  ground  floor.  In  hotels  this  private 
branch  exchange  switchboard  is  placed  in  or  near  the  office. 
Telephones  are  installed  in  each  room  or  apartment  and  wired 
to  this  switchboard.  The  latter  is  connected  by  the  necessary 
number  of  trunk  lines  with  the  nearest  central  office  of  the  tele- 
phone company. 
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The  wiring  problem  is  simple  in  comparison  with  that  in  office 
buildings.  It  consists  of  running  a  pair  of  wires  from  the  tele- 
phone location  in  each  room  or  apartment  to  a  common  center 
in  the  cross-connecting  box  near  the  private  branch  exchange 
switchboard.  It  is  important  to  make  provision  so  that  the 
telephone  company  can  run  its  wires  from  the  cross-connecting 
box  of  the  private  branch  exchange  switchboard  to  some  point 
in  the  basement  where  connection  can  be  made  to  the  central 
office  cable.  The  latter  cable  is  generally  not  run  in  conduit  but 
is  clamped  to  the  ceiling  of  the  basement. 

Subsidiary  Conduit,  Conduits  for  distributing  wires  on  floors 
in  hotels  or  apartment  buildings  should  not  ordinarily  be  over 
50  feet  in  length  nor  should  they  have  more  than  three  bends 
with  a  minimum  radius  of  five  inches.  Any  conduit  100  feet  in 
length  should  not  be  less  than  one  inch  in  diameter:  5/8-inch 
conduit  should  be  provided  for  a  maximum  of  two  pairs  of  wires 
and  3/4-inch  conduit  should  be  provided  for  a  maximimi  of  four 
pairs  of  wires.  For  more  than  four  pairs  of  wires  it  is  preferable 
to  run  cable. 

Hotels.  In  laying  out  the  wiring  system  for  hotels,  in  addition 
to  one  pair  of  wires  for  each  room,  as  mentioned  above,  provision 
has  ordinarily  to  be  made  for  a  small  percentage  of  spares  to 
provide  for  defective  pairs  and  for  a  few  direct  lines. 

From  the  wire  center  at  the  cross-connecting  box  near  the 
private  branch  exchange  switchboard  a  cable  is  extended  through 
the  basement  or  sub-basement  to  the  foot  of  the  riser  shaft.  The 
riser  cable  extends  up  this  shaft  as  a  diminishing  cable  with  sub- 
sidiary tcnninals  located  at  convenient  points  on  each  floor  for 
reaching  the  various  rooms.  The  wires  arc  distributed  on  the 
flrx^rs  either  by  molding  or  through  conduits,  as  the  case  may  be. 
In  many  of  the  modem  hotel  buildings  complete  conduit  systems 
are  provided  for  concealing  the  telephone  wires  and  cables.  In 
such  cases  the  vertical  conduits  are  installed  at  some  central 
point  and  junction  boxes  are  provided  on  each  floor  for  splicing 
and  terminating  cables.  From  the  junction  boxes  separate  5/8- 
inch  conduits  are  extended  to  each  room.  The  outlets  in  the 
rooms  should  be  located  four  feet  10  inches  above  the  finished 
floor  for  wall  sets,  this  having  been  found  by  wide  experience  to 
be  the  most  satisfactory  height  at  which  to  place  the  telephone. 
For  desk  stands  the  outlets  should  be  at  the  baseboard  near  the 
proposed  location  of  the  telephone.  Where  the  floor  area  and 
the  number  of  rooms  are  large  it  is  often  economical  to  have  more 
than'one  terminal[box  on  a  floor. 
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Examples  of  Hotfx  Wirinc, 
\%-Story  Hotel.  Fig.  12  shows  the  floor  plan  of  this  hotel  wit' 
the  locations  of  the  riser  cables  and  the  individual  telephone 
in  each  room.  The  separate  conduit  runs  from  the  riser  termi 
nals  to  the  rooms  are  not  shown  in  order  to  avoid  confusion  o: 
the  drawing.  Fig,  13  shows  elevations  of  the  riser  cables  wit! 
the  branches  at  each  floor. 

In  this  installation  the  riser  cables  {five  in  number)  are  place 
in  shafts  and  the  wire  distribution  on  each  floor  is  in  scparat 
conduits  to  each  room.  It  will  be  noted  that  no  feeder  pairs  aa 
provided  in  the  riser  cables. 

nSlory    Hotel.     This    is  a    complete    conduit    installation 


Fig.  12— IS-Story  Hotbl.  Typical  Floor  Plan, 


Fig.  14  shows  the  riser  cable  terminal  boxes  and  individ*- 
telephone  locations  on  a  typical  floor.  Fig.  15  gives  the  eleV 
tion  of  the  house  cable  system.  This  hotel  has  an  apartm^^ 
section  which  is  cared  for  by  the  north  riser  cable.  This  sectJC 
of  the  house  has  its  separate  switchboard.  The  other  two  rise 
cables  feed  the  hotel  portion  of  the  house. 

Elevator  Apartments 

Elevator  apartment  buildings  are    generally    wired    on  th( 

basis  of  two  telephones  to  an  apartment,  one  connecting  to  tin 

private   branch   exchange   switchboard   and    the   other,  whci 

desired,  directly  to  the  central  office  of  the  telephone  company 
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In  most  of  the  high-class  elevator  apartment  buildings  it  is 
e  practise  of  owners  and  architects  to  provide  conduits  for 
ncealing  the  telephone  wires  and  cables.  In  some  cases  a 
rtical  shaft  is  provided  instead  of  vertical  conduit. 


tnOM  CONNCCTINO  fNAMK 
TUtMNAL  KXM  IN  CCUAR 


X  Z        PM  tTATIOII 
•W'B'O 

•  nt7t'M«      Ml-i^t-sH  tsitiA 


Fk;.  i;i  — IS-Story  Hotel,  Hoise  Cable  DisTRinrnoN. 

^^hcre  the  floor  space  occupied  by  each  apartment  is  small 

^  the  horizontal  runs  on  each  floor  are  short  a  riser  or  dimin- 

*^'^8  house  cable  is  placed.    This  cable  is  extended  up  through 
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the  building  in  a  conduit  or  a  shaft,  as  the  case  may  be,  and 
branches  containing  a  sufficient  number  of  wires  to  provide  two 
pairs  for  each  apartment  are  terminated  in  junction  boxes  located 
at  central  points  on  each  of  the  floors.  From  each  junction  box 
5/8-inch  or  3/4-inch  conduits  are  extended  to  the  location  of 
the  telephone  in  each  a])artment,  the  outlets  being  located,  as 
in  hotels,  at  the  baseboards  for  desk  telephones,  and  in  the  wall, 
four  feet  10  inclies  above  the  finished  floor,  for  wall  telephones. 
This  arrangement  i)rovi(lcs  a  flexible  system,  as  the  wires  between 
the  apartments  and  the  subsidiary  branches  may  be  drawn  in 
whenever  service  is  required.    As  the  horizontal  run  of  conduit 
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Fig.  14— 17-Story    Combination     Hotkl  and  Ahartment   Bi-ilding, 

Tyi'K  \i.   Fi.onR  Plan. 


on  each  floor  is  comi)anitivcly  short,  the  cost  of  the  conduit 
installation  is  minimized.  Tliere  is  a  further  opportunity  for 
economy  in  installing  conduits  from  the  junction  box  to  the 
apartments,  as  it  is  frequently  possible  to  use  a  single  run  of 
conduit  for  two  apartments  instead  of  a  separate  conduit  to  each. 
In  apartment  buildings  where  the  floor  space  occupied  by 
each  apartment  is  large,  the  above  arrangement  would  necessi- 
tate long  runs  of  small-size  conduit  on  each  floor.  In  such  cases, 
to  avoid  the  excessive  cost  of  this  conduit,  the  wires  are  usually 
distributed  to  the  apartments  by  a  vertical  system  of  conduits 
extending  from  the  basement  up  through  each  tier  of  apartments. 
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These  vertical  conduits  diminish  in  size  as  they  approach  the 
upper  portion  of  the  building,  and  the  outlets  in  the  apartments 
are  located  in  the  walls  at  the  points  where  the  telephones  are 
to  be  placed. 

In  the  basement,  cables  are  extended  from  the  cross-connecting 
box  near  the  private  branch  exchange  switchboard  along  walls 
and  ceilings  to  the  foot  of  each  line  of  vertical  conduits.     At 


Fic.  !5— 17-Sto»v    Coubination    Hotel  and  Apartment  Building, 
Conduit  System  and  Cable  Distribution. 


these  points  terminals  are  established  with  sufficient  conductors 
to  provide  two  pairs  of  wires  for  each  apartment  to  be  cared  for 
by  the  riser.  The  pairs  of  wires  between  these  terminals  and  the 
apartments  are  pulled  into  the  conduits  as  the  service  is  required. 
The  size  of  the  vertical  conduit  varies  with  the  number  of 
apartments  to  be  served.  Generally  a  conduit  two  inches  in 
diameter  in  the  basement  diminishing  gradually  to  3/4  of  an 


1392 


RHODES:  TELEPHONE  WIRING 


[June  27 


KEY 
•  =:  RISER  CADLE 

■=-.  ^  ERMINAL  BOX 
H  =  HOUSE  CABLE  PAIRS 
F.— FEEDER     »«  «« 


CABLE  DISTRIBUTION 


EA«»T 

II   PR, 


HT-I'T 

11  M. 

1M'171 

/ 

11   PH. 

/ 

ae 

ir4-i*4 

11   PB. 

\ 

I4f-i:» 

11   PR, 
141-1i1 

\ 

np», 

J 

IJM-IH 


I  10<-111        J 

n"      I  SWITCH  B'O.  ■ 

' '  OH  1ST  f Luo«         ; 

CRO$9  CONNECTING  TERMINAL 


1-10««M 


\yl  IN  BASEMFHT 

)V|\i      7»  PR.  i02-%7-xn. 


FLOOR  CONDUITS  &  TERMINALS 
WEST  SISER  EAST  RISER 


t 

< 
X 
«/> 

cc 
O 

H 
< 


12TM  FLOOR 

11th  FLOOR 

10TM  FLOOR 

i      9TH  FLOOR 
a 
l"  3j  "I    ^     *'"  FLOOR 


I 


Ml 


IT 

»Ji      7TH  FLOOR 
O 


D 
O 

z 
O 
u 


rRO«iT    RCAII 


Mj 


6TH  FLOOR 


Btm  FLOOR 


4TK  FLOOR 


3N0  FLOOR 


2no  floor 


u. 

< 

Z 
u> 

K 

o 

< 
> 

Ul 


3j£| 


H 
X 
ui 
3e 

I- 

< 
< 
< 

UJ 

c 
O 


101    PR. 


1-101"F. 


■>  TO  MANHOLE 


note:,    the  WIRES  TO  EACH  REAR  APARTMENT 
ARL  CAIiRILD  IN  CONDUIT  WHILF  THC 
WIRES  TO  THE  FRONT  APARTMENTS 
ARE  CARr.-ICD  IN  MOULDING. 


STR'^ET 

Fig.  16 — 12-Story  Elevator  Apartment  House. 


1912) 


RHODES:  TELEPHONE  WIRING 


inch  at  the  upper  floor  is  sufficient  to  care  for  buildings  10  to  12 
stories  in  height,  and  a  conduit  l\  inches  in  diameter  in  the  base- 
«T>ent  diminishing  to  3/4  of  an  inch  at  the  top  for  buildings  from 
sss.  to  10  stories  high. 

The  number  of  vertical  lines  of  conduit  depends  on  the  number 


TYPIOL  FLOOR  PLAN 


Fig.  17 — 6-Stobv  Non-Elevator  Apaktmbht  House. 

Of  a 

.     ^t>artments  on  each  floor.     Usually  a  separate  line  of  conduits 

''^quired  for  each  tier  of  apanmcnts,  but  it  is  often  possible 

..  '^re  for  two  adjacent  apartments  on  each  floor  by  a  single 

^^    of  conduit  when  the  telephones  in  both  apartments  are 

**  o«  placed  on  the  dividing  wall  between  them.     This  arrange- 


1394  RHODES:  TELEPHONE  WIRING  [June  27 

ment  is,  however,  open  to  the  objection  that  installers  must 
gain  access  to  one  apartment  for  the  purpose  of  installing  the 
telephone  in  another.  In  spite  of  this  objection,  from  the  stand- 
p)oint  of  the  owner  this  method  is  probably  the  best  for  buildings 
of  this  class  as  it  minimizes  the  cost  of  installation  of  conduits  and 
is  flexible  enough  to  admit  of  direct  lines  being  installed  when 
such  service  is  required. 

Example  oj  Elevator  Apartment  Building  Wiring.  Fig.  16 
show\s  a  12-story  elevator  apartment  building  with  six  apart- 
ments to  a  floor  and  stores  on  the  front  of  the  first  floor.  The  two 
riser  cables  are  run  in  the  elevator  shafts. 

A  diagram  is  given  showing  the  junction  boxes  on  each  floor 
and  the  sizes  of  the  conduits  used  for  distributing  the  wires  on 
each  floor. 

NON-ELIiVATOR   APARTMENTS 

Apartment  buildings  of  the  non-elevator  class  do  not  as  a  rule 
exceed  five  or  six  stories  in  height  and  frequently  have  as  many 
as  10  ai)artments  on  each  floor.  Buildings  of  this  class  are  wired 
by  extending  lead-covered  cables  from  the  cross-connecting  box 
near  tlie  private  branch  exchange  switchboard  through  the 
basement  to  the  foot  of  each  dumb-waiter  shaft  where  terminals 
are  established.  The  terminals  are  made  large  enough  to  provide 
approximately  for  a  direct  line  and  an  extension  telephone  for 
each  apartment  cared  for  by  the  dumb-waiter  shaft,  when  it  is 
thought  that  direct  service  will  be  required.  The  allowance 
made  for  direct  line  service  depends  upon  the  neighborhood.  The 
wires  to  the  various  apartments  arc  extended  up  through  the 
dumb- waiter  shafts  from  the  terminals  in  the  basement  as 
service  is  required. 

In  some  cases  these  buildings  are  wired  in  advance  by  forming 
the  wires  into  a  cable  and  taping  the  cable  to  protect  it  against 
mechanical  injury,  one  or  two  pairs  being  brought  out  at  each 
apartment. 

Example  of  Non-Elevator  Apartment  Building  Wiring.  Fig.  17 
illustrates  the  case  of  a  six-story  apartment  building  having 
eight  apartments  to  a  floor.  The  waring  diagram  shows  the 
cable  distribution  in  the  basement  to  terminals  at  the  foot  of  the 
dumb-waiter  shafts. 

The  author  wishes  to  acknowledge  the  valuable  assistance  of 
Mr.  E.  vS.  Worden  and  Mr.  W.  A.  Taylor  in  preparing  the  illus- 
trative examples  of  this  paper. 
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Discussion  on  '*  The  Wiring  of  Large  Buildings  for  Tele- 
phone Service"  (Rhodes).    Boston,  Mass.,  June  27, 1912. 

Edwin  M.  Surprise :  I  noted  in  reading  Mr.  Rhodes's  paper, 
that  in  New  York  City,  at  least,  and  probably  in  other  places 
where  very  large  and  tall  office  buildings  are  under  considera- 
tion, the  scheme  of  attenuation  is  employed;  that  is,  a  large 
cable  is  brought  in  at  the  basement  and  branches  taken  off 
from  that  cable  at  necessary  intervals.  In  our  New  England 
territory  we  have  leaned  a  good  deal  toward  the  extension 
of  small  risers,  one,  two,  or  more,  as  may  be  required,  to  each 
floor,  with  the  idea  that  it  would  result  in  economy,  not  only  on 
account  of  the  first  cost  of  extending  the  cables,  but  also  by  reason 
of  flexibility. 

I  am  very  much  interested  to  get  Mr.  Rhodcs's  opinion  re- 
garding one  method  as  against  the  other,  of  the  advantages, 
if  there  are  any,  of  small  risers,  and  the  exact  point,  if  it  is  pos- 
sible to  give  it,  where  perhaps  small  risers  would  prove  best  and 
where  the  large  riser  would  not. 

George  K.  Manson:  Mr.  Surprise  referred  to  the  question  of 
comparative  costs,  or  comparative  conditions  when  the  attenua- 
tion system  proves  economical  as  compared  with  the  small  riser 
system,  and  to  supplement  Mr.  Surprise's  remarks,  before  Mr. 
Rhodes  gives  us  that  information,  it  may  be  proper  to  say  a 
little  something  about  the  building  conditions  in  Boston  that  have 
led  to  the  very  general  adoption  of  the  small  riser  system  in  pref- 
erence to  the  attenuation  system. 

Mr.  Rhodes  stated,  I  think,  that  twelve  years  ago  there  were 
very  few  buildings  in  New  York  City  which  were  over  twelve 
stories  in  height,  and,  to-day,  I  believe,  he  said  there  were  1500 
or  more.  I  believe  somewhere  in  his  pai)er,  in  reference,  per- 
haps to  the  Hudson  Terminal  buildings,  he  has  spoken  of  a  floor 
space  of  nearly  2,000,000  sq.  ft.  Now,  we  have  in  Boston,  we 
think,  a  fairly  large  city,  especially  if  we  are  allowed  to  take  in 
the  suburbs  which  properly  belong  to  it.  In  Boston  today  I 
think  I  am  not  mistaken  in  saying  that  there  is  only  one  building 
which  is  over  twelve  stories  in  height,  and  that  was  built  before 
the  present  building  laws  were  in  existence.  If  there  arc  more 
than  that,  they  also  were  built  before  the  present  building  ordi- 
nance. As  to  the  area,  I  presume  it  is  very  doubtful  if  there  are 
half  a  dozen  buildings  in  Boston  that  have,  we  will  say,  over  ten 
per  cent  of  the  total  rentable  floor  space  referred  to  in  Mr.  Rhodes's 
paper  in  connection  with  the  Hudson  Terminal  buildings. 

The  building  law  in  Boston,  briefly,  is  that  no  building  in  the 
city  shall  exceed  125  feet  from  the  average  sidewalk  height  to  the 
roof  line.  If  the  width  of  the  abutting  street  is  so  narrow  that 
two  and  one-half  times  the  width  of  the  abutting  street  is  less 
than  125  feet,  then  the  building  must  be  correspondingly  less  in 
height,  and  must  not  exceed  two  and  a  half  times  the  width  of 
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the  abutting  street,  and  is  not  to  exceed  125  feet  as  a  maximum, 
and  in  some  parts  of  Boston  there  arc  special  ordinances  that 
restrict  the  height  to  even  less  than  that. 

You  will  see,  therefore,  that  our  problem  of  providing  wiring 
for  office  buildings  is  a  little  different  from  that  in  New  York 
and  other  cities  where  the  development  in  terms  of  lines  and  per- 
haps subscribers  may  be  no  greater  than  the  development  in 
many  of  our  medium-sized  New  England  cities.  It  is  by  reason  of 
that  fact  that  in  office  building  wiring  we  have  found  it  is  expedient, 
to  a  very  large  extent,  to  use  the  single  riser  system,  perhaps  one 
cable  feeding  a  single  floor,  a  30-pair,  or  a  60-cable,  or,  perhaps, 
initially,  one  cable  feeding  two  floors,  and  later  to  be  tapped  in 
such  a  manner  as  to  supply  a  cable  for  each  individual  floor.  I 
cannot  quote  figures  at  this  moment,  and  possibly  we  could  not 
back  up  our  position,  but  I  think  under  these  conditions  the  single 
riser  cable  has  proved  economical;  at  least  it  is  very  convenient 
to  install,  and  leads  to  very  efficient  results  in  the  use  of  the  main 
cables  and  in  the  use  of  the  office  cables.  I  trust  Mr.  Surprise 
will  pardon  me  for  enlarging  on  his  question  to  that  extent. 

There  is  one  other  point  that  I  will  mention,  and  that  is  the 
vast  reduction  of  the  fire  hazard  that  has  been  brought  about  by 
the  modem  methods  of  wiring  buildings  as  compared  with  the 
older  methods. 

F.  L.  Rhodes:  I  think  that  Mr.  Manson  has,  in  supple- 
menting what  Mr.  Surprise  said,  very  well  pointed  out  the  wide 
range  of  conditions  to  be  met  in  work  of  this  kind.  In  building 
wiring,  the  reason  why  it  is  not  the  best  practise  to  nm  separate 
cables  to  separate  floors  is  principally  a  matter  of  economy, 
both  as  regards  the  cable  itself  and  the  space  occupied.  For  a 
given  number  of  i^airs  of  wires,  the  most  economical  cable  is 
secured  by  placing  these  all  in  one  sheath.  This  is  true,  not 
only  as  regards  the  cost  of  the  cable  itself,  but  also  true  as  regards 
the  space  occui)icd.  One  cable  of  600  pairs  occupies  less  section, 
and  has  less  cost  per  pair  than  10  cables  of  00  pairs  each,  and  these 
conditions  of  economy,  both  of  cost  and  space,  are  intensified 
in  the  case  of  tall  buildings  as  compared  with  the  conditions  that 
prevail  in  the  case  of  buildings  of  comparatively  few  stories. 


A    MP^r    prtstnied   ai    th*    29th    Annual    Con- 
9€niiam  cf  Uu  Anuruon  Institute  €(f  EUctrical 
Engintgrs,  Boston,  Mass.,  June  27.  1912. 

Copyright.  1912.    By  A.  I.  E.  E. 


THE   VIBRATIONS   OF   TELEPHONE   DIAPHRAGMS 


BY  CHARLES   F.  MEYER  AND  J.  B.  WHITEHEAD 


History 

Investigations  of  the  vibrations  of  telephone  diaphragms  have 
been  published  by  Rayleigh,*  Wien,*  Kempf-Hartmann,'  Taylor,* 
Gati*  and  others.  Rayleigh  and  Wien  measured  the  value  of 
the  simple  harmonic  current  which  would  just  produce  an  audible 
tone  in  the  receiver  at  different  frequencies.  They  foimd  that 
at  certain  frequencies  the  current  required  was  a  minimum,  and 
Wien  concluded  that  these  minima  showed  the  existence  of 
nattiral  vibrations  of  the  diaphragm,  but  realized  that  the  varia- 
tion in  sensibility  of  the  ear  with  pitch  played  possibly  a  larger 
part  in  the  difference  of  current  required  at  different  frequencies 
than  the  natural  vibrations  themselves. 

Kempf-Hartmann  fastened  a  mirror  on  the  diaphragm  of  a 
receiver  and  photographed  on  a  moving  film  the  oscillations  of  a 
spot  of  light  reflected  from  the  mirror.  By  passing  direct  current 
interrupted  about  100  times  per  second  through  the  telephone  he 
was  able  to  photograph  the  natural  oscillations  of  the  diaphragm 
which  were  produced  at  each  make  and  break,  and  showed  also 
that  when  the  diaphragm  had  been  given  an  impulse  its  reaction 
could  be  detected  after  about  1/2000  of  a  second. 

Taylor  has  plotted  curves  showing  the  connection  between 
the  least  current  producing  an  audible  tone  and  the  frequency, 
his  work  being  similar  to  that  of  Rayleigh  and  Wien.    He  noticed 

1 .  Rayleigh.     "  Theory  of  Sound,"  I,  p.  473. 

2.  Wien.     AnnaUn  d.  Phys,  IV,  p.  450.  1901. 

3.  Kempf-Hartmann.    Annalen  d.  Phys.,  VHI,  p.  481,  1902. 

4.  Taylor.     Transactions  A.  I.  E.  E.,  1909,  XXVIII,  II,  page  1184. 

5.  Gati.    Electrician,  LXVI,  p.  456,  1910. 
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that  as  the  alternating-current  generator  from  which  he  obtained 
his  current  acceleiated  or  slowed  down  there  were  certain  fre-  - 

quencies  at  which  the  sound  from  the  receiver  was  very  much  ^ 

increased,  and  he  plotted  rough  curves  showing  this. 

Gati  has  worked  with  transmitters.  He  produced  before  the 
diaphragm  a  sound  of  which  the  frequency  was  varied,  but  the  ^>e 

amplitude  was  kept  as  constant  as  possible.     The  transmitter  "x*r 

was  in  circuit  with  a  battery  and  the  primary  of  a  transforming  ^3,% 

coil.  To  the  secondary  of  the  coil  he  connected  the  capacity 
required  to  produce  electric  resonance  at  each  frequency  and 
measured  the  current  in  the  secondary  circuit.    Plotting  curves  ^es 

between  frequency  and  current  a  decided  maximum  is  obtained  £>-d 

showing  resonance  at  about  700  vibrations  per  second. 

The  mathematical  theory  of  the  free  oscillations  of  circular  i^r 

membranes  and  plates  has  been  developed.     It  shows  that  the  -^n^ 

nodes  are  either  circles  about  the  centre,  or  diameters  symmetric- 
ally distributed*^,  this  holding  true  for  plates  with  either  a  free 
or  a  clamped  boundary;  the  boundary  of  membranes  is,  of 
course,  necessarily  fixed.    Rayleigh  gives  the  following  formula  .^Jla 

for  the  frequency  of  the  lowest  natural  vibration  of  a  clamped  .E>^a 

plate. 

''       2  7ra2V3p(l-M^~)  (D  ^^^ 

where  g     =  Young's  modulus, 
/x    =  Poisson's  ratio. 
p    =  volume  density. 
2h  =  thickness  of  plate 
a     =  radius  of  plate. 

He  applied  the  formula  to  the  case  of  a  receiver  diaphragm  which 
he  measured,  and  found  991  as  the  fundamental  frequency.  No 
experimental  verification  of  this  seems  to  have  been  attempted. 

OliJECT 

The  present  work  was  undertaken  to  obtain  further  and  more 
accurate  infonnation  concerning  the  way  in  which  the  dia- 
phragms in  the  transmitter  and  receiver  vibrate  when  acted  on 
by  periodic  forces  of  simple  wave  form  of  different  frequencies. 
Also  to  obtain  quantitative  data  on  the  influence  of  the  free 
periods,  and  to  determine  to  what  degree  of  approximation  the 

6.   Rayleigh.     "  Theory  of  Sound,"  Vol.  I,  pp.  331.  366. 
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>f  the  vibration  of  the  diaphragm  follows  that  of  the  im- 
djforce.    The  question  of  the  localization  of  the  nodes  and 

at  the  higher  resonance  frequencies  is  also  interesting, 

has  thus  far  evaded  solution. 


Work  on  the  Receiver 
angemeiUs  and  Apparatus.  The  receiver  is  simpler  in 
•uction  than  the  transmitter  and  is  therefore  more  easily 
igated.  With  the  receiver  the  problem  is  to  pass  through 
alternating  current  of  simple  wave  form,  as  nearly  simple 
Miic  as  obtainable,  and  to  record  the  form  of  the  current, 
lie  corresponding  oscillation  of  the  diaphragm.  The  ampli-  ■ 
>f  the  oscillation  of  the  diaphragm  for  the  same  current  at 
»nt  frequencies,  plotted  against  frequency,  would  then  give 
esonance  curve  for  the  diaphragm.  For  producing  the 
lating  currents  two  special  generators  with  smooth  body 
tures  were  used  for  low  frequencies.     For  the  principal 

a  third  generator  was  used.  With  these  three  machines 
encies  from  IB'—  to  3000  ■^  could  be  attained.    The  current 

form  was  recorded  by  a  Duddell  double  high-frequency 
jgraph,  used  simultaneously  as  oscillograph  and  ammeter. 
5cillograph  of  this  type  has  a  free  period  of  from  8000  to 
D.  It  may  hardly  be  relied  upon  to  record  with  any  accuracy 
'e  of  over  three  or  four  hundred  cycles.  In  the  present  case, 
ver,  the  current  wave  is,  with  a  few  exceptions,  very  nearly 

and  the  question  of  wave  form  does  not  enter  markedly 
Jie  results  of  the  work. 

e  method  adopted  for  recording  the  oscillations  of  the 
iragm  was  as  follows;  A  small  fragment  of  mirror  was 
ited  directly  on  the  diaphragm  by  means  of  wax  or  cement, 
ts  vibrations  recorded  by  a  spot  of  light  reflected  upon 
>tographic  plate.  It  is  easy  to  mount  the  mirror  rigidly, 
ts  mass,  which  maybe  0.007  of  a  gram  or  under,  is  too 

to  influence  the  motion  of  the  diaphragm  greatly.  There 
iTther  be  no  doubt  that  the  angular  deviation  of  the  mirror 
:  angular  deviation  of  the  diaphragm  at  the  point  where 
mounted. 

Diaphragm  A 
e  first  receiver  worked  with  was  one  of  the  ordinary  bipolar 
Its  characteristics  were:     Total  diameter  of  diaphragm 

an.  (2.14  in,)-  Inside  diameter  of  clamping  ring  in  cap 
cm.  (1 .96  in.),  this  being  the  effective  diameter  of  the  dia- 
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phragm.  Thickness  of  diaphragm  with  enamel  on  front  fac 
0.03  cm.  (0.012  in.).  Thickness  bare  at  edge  0.023  cm.  (0.0< 
in.).  Distance  between  pole  pieces  and  plane  of  clamping  rijr 
of  diaphragm  0.05  cm.  (0.02  in.).  The  air  gap  between  pcji 
pieces  and  diaphragm  is  less  than  this  as  the  diaphragm 
permanently  bent  inwards  by  the  attraction  of  the  magiie= 
The  part  of  the  cajl  extending  over  the  diaphragm  was  ciiL  out  = 
order  to  make  room  for  the  small  mirror  which  was  fastened  oz 
See  Fig.  1.  The  mirror  was  placed  about  half  way  between  th 
center  and  edge.  The  diaphragm  was  so  oriented  over  the  po 
pieces  that  the  mirror  came  on  the  perpendicular  bisector  £E 
shown  in  Fig.  2.  The  receiver  was  then  set  up  so  that  the  mirrc 
came  on  a  horizontal  diameter.  Pulling  in  of  the  diaphragm 
corresponded  to  a  motion  to  the  right  of  the  light  spot  on  th" 
photographic  plate. 

Some  of  the  photographs  obtained  for  tliis  diaphragm  aa 


Fig.    1 — Cap  of    Receiver — the  Fig.    2 — The    X  Marks  the 

Shaded  Portion  was  Cut  Away.        Position   of   the   Mirror  oi^ 

THE  Diaphragm 

shown  in  Figs.  3  and  4,  with  frequencies  noted  for  each  set.  Th, 
curves  on  the  left  are  the  oscillograph  records  of  the  curreai 
through  the  receiver,  the  number  at  the  side  giving  its  value  ir 
milliamperes  (effective),  calculated  from  a  knowledge  of  th^ 
sensibility  of  the  oscillograph.  The  curves  on  the  right  are  th» 
traces  from  the  diaphragm,  the  accompanying  figures  giving  th» 
value  of  the  angular  deflection  in  radians  X  10"'',  calculated  fron. 
the  dimensions  of  the  optical  system.  As  these  latter  curves  ara 
unsymmetrical  it  is  impossible  to  speak  of  their  amplitudes,  sc 
the  total  deflection  from  one  extremity  of  swing  to  the  other  \t 
given;  this  quantity  will  henceforth  be  referred  to  as  the  "range* 
of  the  oscillation.  The  numbers  on  the  extreme  right-hand 
side  of  the  figure  give  the  frequencies  of  the  vibration  in  cycles 
per  second.  In  all  of  the  photographs  time  proceeds  upwards, 
as  shown  by  the  arrow.  In  the  first  traces  a  break  is  noticeable 
about  the  middle  of  the  vibration,  which  indicates  the  rest 
positions  of  the  spots  of  light.     This  break  was  produced  by 
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Fig.  4 — Receiver  Di 
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Fig.  7 — Trassmitteb 
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placing  a  fine  vdre  in  the  path  of  the  beam  of  light  when  there 
was  no  current,  but  the  wire  was  soon  abolished  as  it  introduced 
unnecessary  complications. 

The  diaphragm  trace  for  60  cycles  is  seen  to  be  somewhat 
uiisymmetrical,the  curve  being  pointed  on  the  right,  that  is, 
when  the  diaphragm  is  nearest  the  pole  i)iecos.  At  232  cycles 
for  a  range  of  13.6  the  curve  is  rather  unsynimetrical,  but  for 
a  range  of  6.7  the  irregularity  is  less  marked.  At  332-^,  and 
1292^^  also,  the  irregularities  are  seen  to  be  greater  for  greater 
ranges  while  for  most  of  the  other  curves  this  is  not  noticeable. 
The  development  of  the  dimple  in  the  curve  for  332  and  1292  ^^ 
at  the  point  where  the  diaphragm  is  furthest  from  the  poles  is 
rather  surprising;  it  will  be  seen  later  that  332  ^^  shows  a 
peculiarity  in  another  respect.  It  might  be  expected  from  the 
following  considerations  to  find  greater  regularity  in  the  photo- 
j^raphs  for  small  ranges. 

The  force  on  the  diaphragm  is  proportional  to  the  square  of 
the  induction.  If  we  consider  the  induction  B  as  made  up  of  a 
constant  part  5©  due  to  the  permanent  magnetism,  and  a  variable 
part  Bu  due  to  the  current,  we  have  for  the  original  force 

Fo  =  c  Bt? 

and  for  the  variable  force 

j^  =  cB^  =  c  [i3o=  +  2i3o  B,  +  /3i2]  (2) 

Tlic  increment  of  the  variable  force  over  the  original  force  deter- 
mines the  motion  of  the  diaphragm.     Its  value  is 

A  F  =  F  -  Fo=  c  [2Bo  B,  +  B,^] 

If  -5 1  is  sufficiently  small  we  may  neglect  its  square  and  write 

AF  =  2cBo  Bi  (3) 

So  that,  if  5 1  is  made  to  vary  harmonically,  A  F  will  do  so.  In 
the  present  work  the  currents  have  been  kept  nearly  harmonic 
in  all  cases.  The  variation  in  the  air  gap  between  the  pole  pieces 
and  the  diaphragm  would  prevent  Bi  from  being  strictly  pro- 
portional to  the  current,  but  for  sufficiently  small  vibrations 
the  influence  of  the  variation  in  the  air  gap  may  be  neglected. 
The  ranges  of  all  the  traces  were  carefully  measured.  The 
results  obtained  for  the  first  diaphragm  are  plotted  in  the  curves 
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of  Figs.  8,  9,  and  10.  The  absdssas  are  current  through 
receiver,  expressed  in  miUianiperes  (effective).  The  ordic 
are  the  angular  range  of  oscillation  of  the  diaphragm,  expre 
in  radians  X  10"*.  Each  curve  gives  the  relation  between 
rent  through  the  receiver  and  oscillation  of  the  diaphragm 
given  frequency  which  is  marked  beside  it.  The  curves  ar 
plotted  to  the  same  scale  and  put  in  separate  figures  to  a 
crowding.     They  show  that  an  approximately  linear  rela 
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QUENCIES. 


exists  between  the  current  and  deflection  of  the  diaphragm, 
to  the  large  values  of  current  here  used.  The  sound  of  the 
phone  for  the  greater  currents  was  sufficient  to  be  heard  all 
the  room. 

From  each  of  the  curves  of  Figs.  8,  9,  and  10,  the  an] 
oscillation  corresponding  to  a  current  of  twenty  milliam^ 
at  the  frequency  for  which  the  curve  is  taken,  can  be  rea< 
In  Fig.  11  a  curve  is  plotted  between  the  frequency  as  aba 
and  the  angular  oscillation  as  ordinate,  showing  the  effe 
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\  of  frequency  on  the  angle  of  oscillation,  this  being  the 
ed  resonance  airve  for  the  diaphragm.  It  will  be  noticed 
le  curve  starts  out  horizontally,  then  drops  to  a  minimum 
\  '^  from  which  it  rises  and  reaches  a  maximum  at  720  <^t 
ich  the  range  of  osdllations  is  about  five  times  that  of  the 
mm,  and  about  four  times  that  at  the  lowest  frequency. 
720  <^  there  is  no  other  maximum  imtil  2600  ~ ,  and  then 
y  after  this  there  appears  to  be  another,  but  this  was  not 
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led  as  it  was  not  desired  to  overspeed  the  machine 

these  records  were  obtained.    It  is  rather  surprising 

Tiinimum  at  300,  before  the  first  maximum.    At  first 

ence  was  doubted  but  the  appearance  of  a  similar  dip 

for  the  next  diaphragm,  with  an  entirely  different 

river,  seems  to  indicate  a  real  effect.    It  should  be 

that  the  damping  of  the  diaphragm  in  a  receiver 

mechanical,  but  is  partly  electromagnetic  and  this 

'aring  here.   The  mechanical  effect  can  be  expressed 
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dx 
by  a  term  of  the  usual  form  k  -jr  in  the  differential  equi 

motion  of  the  diaphragm.     The  electromagnetic  damp 

may  consider  to  be  made  up  of  two  parts.    One  of  these  is 

eddy  currents  set  up  by  the  motion  of  the  diaphragm  in  t 

manent  magnetic  field.    It  would  be  present  if  the  diaj 

were  executing  free  vibrations.    This  also  could  be  expre: 

dx 

The  other  part  is  due  to  hy 


a  term  of  the  form  k 


dt 


u 
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Fig.  10 — Relation   between   Current  through  the  Ri 
AND  Range  of  Oscillation  of  the  Diaphragm  at  Differs: 

QUENCIES 


and  eddy  currents  caused  by  the  current  in  the  receiver 
would  increase  with  the  frequency,  so  that  we  are  dealij 
not  with  a  constant  damping  coefficient,  as  is  usually  st 
in  the  treatment  of  forced  oscillations,  but  with  on 
increases  with  frequency.  The  minimum  in  the  resonanc 
appears  at  about  300  <^  and  it  is  the  trace  at  332  r^  tc 
attention  was  called  above,  which  shows  the  dimple.    Tt 
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(not  reproduced)  was  exposed  in  two  sections,  giving 
irery  similar  to  the  lower  two  of  332  ^^.  This  plate  was 
A  before  the  one  for  332  ^^  and  the  range  was  not  carried 
ough  to  get  the  dimple.  It  camiot  be  definitely  said  that 
limum  of  the  curve  and  the  dimple  in  the  trace  are  causally 
ted,  but  the  coincidence  is  rather  striking, 
resonance  curve  Fig.  11  covers  the  range  of  the  important 
icies  existing  in  the  human  voice.  The  lowest  tone  reached 
1  in  singing  is  about  65  vibrations  per  second.  The  highest 
i  by  a  woman  is  1036,  but  this  tone  contains  harmonics  of 
frequencies.    A  number  of  investigations  have  been  per- 
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;.  11 — Resonance    Curve   for    Diaphragm    A.    Giving    the 

L»N     BETWEEN    FrECJIJENCY    AND     RaNGE    OK    OSCILLATION    FOR    A 
M   Ct'RRENT. 

on  the  vibrations  contained  in  vowel  sounds.  According 
Its  obtained  by  Bevier^  the  prominent  frequencies  are: 

'oraasinAtf/ 650  1050  1550 

«     If    •*   «    pet 620  1050  1800 

•    i    «   "    pit 575  1850 

«     I    "   "    pique 2050 

consonants,  especially  those  of  the  hissing  type,  very 
higher  frequencies  exist,  going  in  some  cases  as  high  as 
.  These  consonants  have  not  the  importance  in  speech 
le  vowels  have,  and  it  may  well  be  said  that  the  prominent 

kys.  Rev.,   P.)()l,   11)02,  11)0;{.     Quotod  l.y  Harton  "  Toxt-Book  of 
'  p.  672. 
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vibrations  are  included  between  300  and  3000,  probably  not 
many  lying  above  2000. 

We   may   obtain   a   comparison   between   the   fundamental 
frequency  of  the  diaphragm  determined  experimentally,  with 
that  to  be  expected  from  Rayleigh*s  formula.     The  greatest     - 
ordinate  of  the  resonance  cvurve  comes  at  720.    This  ordinate 
for  any  system  lies  at  a  somewhat  less  frequency  than  its  free 
vibration.    Further,  the  actual  frequency  is  somewhat  less  than 
it  would  be  if  there  were  no  damping.    It  is  this  last  value  which 
is  given  by  Rayleigh\s  formula.     By  applying  the  theory  of  ^ 
system  with  one  degree  of  freedom  to  the  resonance  curve  ol 
Fig.  11,  a  simple  calculation  shows  that  if  there  were  no  dampixig 
the  free  frequency  of  diaphragm  "  -4  **  would  be  732.    This    is 
12  vibrations  a  second  higher  than  the  point  for  the  msisdmVL^ 
ordinate  of  the  curve.     The  difference  is  not  greater  than  t^*- 
error  in  measuring  the  frequency.     Let  us  now  substitute       "^ 
equation  (1).    We  may  take 

q  =  2.0  X  10" 

M  =  i 
p  =  7.7 

which  gives 

n  =  2.41  XWX  ^; 

from  the  measurements  of  the  present  diaphragm, 

2  A  =  0.023  cm. 
a  =  2.5         « 

Hence 

n  =  890 

this  being  the  value  required  by  Rayleigh's  formula,  whereas  the 
value  obtained  experimentally  is  732.  The  agreement  is  not 
very  good  but  a  better  result  is  hardly  to  be  expected.  The 
diaphragm  has  0.007  cm.  (0.003  in.)  of  enamel  on  its  front  face, 
which  probably  loads  it  down  without  adding  much  to  its  stiff- 
ness, thus  causing  the  actual  value  of  the  free  frequency  to  be 
lower  than  the  calculated  one.  The  measurement  of  the  thick- 
ness of  the  diaphragm  is  not  very  accurate,  only  a  small  spot 
at  the  edge  being  available  for  this,  and  moreover  the  value 
of  Young's  modulus  substituted  in  the  equation  may  not  be  the 
correct  one  for  the  iron  of  the  diaphragm.    It  cannot  be  told  in 
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what  direction  more  accurate  values  for  these  last  two  quantities 
would  change  the  result. 

Diaphragm  B 

Another  receiver  designated  as  No.  122  W,  also  of  the  bipolar 
type,  was  next  investigated.  Its  characteristics  were:  Total 
diameter  of  diaphragm  5.51  cm.  (2.17  in.).  Inside  diameter  of 
clamping  ring  5  cm.  (1.97  in.).  Thickness  of  diaphragm  over 
enamel  and  varnish  0.028  cm.  (0.011  in.).  Thickness  bare  at 
edge  0.023  cm.  (0.009  in.).  Distance  between  pole  pieces  and 
plane  of  clamping  ring  of  diaphragm  about  0.03  cm.  (0.012  in.). 

It  seemed  desirable  to  ascertain  whether  the  mirror  had  any 
noticeable  eflPect  on  the  form  or  range  of  the  osdllation,  so  in 
this  set  of  exposures  the  current  was  kept  as  nearly  constant  as 
possible  for  each  plate.  One  section  was  exposed  with  a  load  of 
8  mg.  wax  placed  on  the  diaphragm  as  near  to  the  mirror  as 
possible,  and  the  other  section  was  exposed  without  the  load. 
Some  of  the  photographs  are  reproduced  in  Fig.  5.  In  none  of 
these  is  there  any  noticeable  difference  in  wave  form  when  the 
load  is  on  and  off,  nor  is  any  difference  shown  in  the  other  photo- 
graphs which  are  not  reproduced.  The  traces  were  all  carefully 
measured.  The  differences  in  width  are  of  the  order  of  the  errors 
of  measurement,  which  range  from,  say,  5  per  cent  when  the 
traces  are  as  wide  as  those  for  820  '^  to  15  or  20  per  cent  for 
narrow  traces,  as  for  1440  '^.  The  measurements  on  the  same 
trace  usually  check  up  to  one  or  two  per  cent  if  the  range  of  the 
trace  is  a  centimeter  or  more,  but  in  measuring  traces  of  different 
photographic  intensity  the  accuracy  is  probably  not  so  great. 
The  figures  for  820  '^  show  an  increjise  of  8  per  cent  for  the  loaded 
case  over  that  for  no  load;   this  may  be  a  real  effect. 

Fig.  12  gives  the  resonance  curve  as  nearly  as  it  can  be  plotted 
from  the  scant  data  obtained  for  this  diaphragm.  Frequency  is 
plotted  as  abscissa,  and  the  ratio  of  diaphragm  oscillation  to 
current  as  ordinate.  If  we  assume  the  linear  relation  of  current 
and  diaphragm  oscillation  for  a  fixed  frequency  this  gives 
the  same  curve  as  Fig.  11  to  within  a  constant  factor.  We  see 
that  the  minimum  before  the  first  maximum  is  again  present, 
and  in  a  more  marked  degree  than  for  the  first  diaphragm.  The 
maximum  ordinate  is  about  five  times  that  at  the  minimum  as 
before,  but  only  three  times  that  at  tlie  lowest  frequency.  How- 
ever, it  is  not  entirclv  certain  that  the  maximum  comes  at  820  ^^ 
as  drawn.    When  watching  the  light  spots  this  appeared  to  the 
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eye  to  be  about  the  maximum  and  so  the  photograph  was  macU* 
at  this  frequency.  If  more  points  had  been  obtained  they  might 
have  shown  that  the  maximum  really  lies  at  a  somewhat  different 
frequency,  and  has  a  10  or  20  per  cent  greater  value.  The  curve 
shows  no  further  resonance  points  up  to  the  highest  speed  the 
machine  attained,  but  they  doubtless  would  have  been  found 
if  it  had  been  possible  to  go  high  enough.  This  diaphragm  had 
approximately  the  same  characteristics  as  the  first,  so  if  we  apply 
Rayleigh's  formula  we  again  get  890  as  the  natural  frequency, 
the  agreement  with  the  experimental  value  being  somewhat 
better  this  time. 

General  Ohservations 

More  diaphragms,  and  diaphragms  of  different  characteristics, 
might  have  been  examined  by  the  method  here  used,  but  it  was 
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Resonance  Curve  for  Diathragm  B. 
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thought  that  before  the  investigation  was  extended  in  this 
direction  further  knowledge  should  be  obtained  about  the  motion 
of  some  one  diaphragm.  It  was  i)ointcd  out  above  that  when  a 
circular  plate  is  vibrating  freely,  the  nodes  are  circles  and  dia- 
meters.^ In  the  case  of  a  clamped  diaphragm  this  means  that 
the  nodes  may  be  located  as  shown  in  Fig.  13.  These  drawings 
are  for  the  five  lowest  modes  of  vibration  and  are  given  in  the 
order  of  ascending  frequency.  We  may  expect  that  in  the  case  of 
a  telephone  diaphragm  some  of  these  types  of  vibration  will  be 
present.  It  cannot  be  said  in  advance  which  ones  will  occur  nor 
to  what  extent  they  will  do  so.  This  depends  on  the  frequency  of 
the  impressed  force  and  on  the  way  in  which  it  is  applied,  and 
can  only  l)e  found  by  experiment.    Hence  we  may  suppose  that 

8.    Winkclmann's   "  Ilandbuch    der     Physik,  II,"  p.    372,  vd.  1909. 
Rayleigh,   "  Sound,"  Vol.  I,  p.  331. 
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xing  a  mirror  in  one  spot  {e.g.,  over  the  perpendicular  bi- 
T  of  the  pole  pieces),  we  cannot  leam  all  that  should  be 
m  about  the  motion  of  the  diaphragm,  and  this  is  borne  out, 
to  a  more  marked  degree  than  was  expected,  by  visual 
iration  of  the  spot  of  light  at  certain  frequencies.  The  spot 
tarily  \'ibrated  in  a  horizontal  direction.  This  is  what  would 
pected  if  the  vibration  consisted  of  a  motion  of  the  diaphragm 
whole  (Fig.  13a,)  or  if  there  existed  an  internal  circular 
(Fig.  13d).  We  may  refer  to  this  as  a  "  circular  "  vibra- 
At  certain  frequencies  the  spot  of  light  vibrated,  not  hori- 
»IIy,  but  obliquely.    An  oblique  motion  would  be  produced 


© 


13— REPRKSENTINr.    THE     FiVK   LOWRST  MoUES  OK  FrEE  VIBRATION 
OF    A    CiUCI.1|.AR    DiAPURAC.M. 

:"wo  ciiclei  ai  no<Jr>— tlif  iiin.T  uiul  .niUr  nrtas  ure  in  uw-sltr  pha-w. 
1u«  diamctrn  ai  noelr-s   -ailiact-jit  welon  an  In  uppgsilt  iihaw. 


:re  were  superiinposed  <in  the  circular  vibration  a  vibration 
»g  one  or  more  diameters  as  nodes,  as  in  Fig.  l'.ib.  c,  or  e. 
lay  speak  of  this  motion  as  a  "  diametral  "  one.  Tlie  mirror 
not  be  located  on  a  node  to  show  this  component,  but  would 
►  to  some  extent  if  it  were  located  anywhere  except  on  a 
This  compfjnent  cannot  he  sj-mmetrical  about  the  center 
2  diaphragm. 

is  not  at  once  e\'ident  why  the  diametral  vibration  should 
troduced  at  all.  If  wc  assume  the  complete  synnnetry  of 
iaphragm  about  its  c-entor,  and  of  the  pole  i>ieces  about  the 
eter  bisecting  them  perpendicularly,  there  is  no  reason  to 
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expect  it.  We  must  look  for  a  lack  of  symmetry  somewhere^ 
The  mirror  on  the  diaphragm  suggests  itself,  but  the  weight  ci 
the  mirror  was  only  4  mg.  and  it  seems  improbable  that  so  smaH 
a  load  could  be  responsible  for  the  vibration.  It  was  thought 
that  some  sort  of  asymmetry  must  exist  in  the  poles,  and  if  thii 
were  the  case  then  a  rotation  of  these  behind  the  diaphragm  ough 
to  make  the  nodal  diameter  rotate  in  the  diaphragm,  keepinj 
a  fixed  position  with  reference  to  the  poles.  This  would  allow  ai 
exploration  of  the  motion,  so  to  speak,  around  the  diaphragn 
without  moving  the  mirror  or  the  diaphragm  itself.  A  receive: 
(122  \V)  exactly  like  the  one  used  with  diaphragm  "  B  "  wai 
fitted  up  to  allow  the  rotation  of  the  poles.  With  this  instrumea* 
it  was  found  that  the  diametral  component  recorded  by  the  spo 
of  light  changed  markedly  as  the  pole  pieces  were  rotated;  i 
passed  from  zero  through  a  maximum  and  back  to  zero  in  aboiL 
half  a  revolution.  But  it  was  also  noticed  that  there  was  a  de 
cided  change  in  the  intensity  of  the  soimd  as  the  rotation  tool 
place,  which,  of  course,  should  not  exist  if  the  diaphragm  wee 
symmetrical  and  the  nodal  diameter  were  merely  being  turner 
therein.  Moreover  the  maximum  diametral  components  recorcte* 
by  the  image  coincided  with  the  maximum  sound,  so  that  possibL 
the  main  thing  shown  was  that  the  amplitude  of  the  diameti« 
\dbration  of  the  whole  diaphragm  depended  on  the  orientatio 
of  the  diaphragm  over  the  poles.  Three  things  presented  thenr 
selves  in  explanation  of  this  fact:  First,  mechanical  impe^ 
fections  in  the  lotating  part  might  cause  the  poles  to  approacr. 
the  diaphragm  in  certain  positions  and  recede  at  others.  Seconca 
the  influence  of  the  weight  of  the  mirror  might  make  one  direC 
tion  in  the  (Ha])hragni  different  from  another.  Third,  the  grai^ 
of  the  diapln*agm  may  be  the  cause.  This  was  suggested  bj 
Kempf-Hartmann*  as  a  i)ossible  cause  of  asymmetiy.  Some 
rough  experiments  were  at  once  instituted  to  decide  between 
these  three  possibilities,  and  it  is  certain  that  mechanical  imper- 
fections play  only  a  small  part  if  any  at  all.  No  decision  could 
be  made  between  the  influence  of  the  mirror  and  grain,  but  it  i 
thought  that  this  can  be  done  in  the  futiu'e.  If  it  develops  tha' 
the  orientation  of  the  grain  in  the  diaphragm  over  the  p(de 
plays  an  important  part  in  determining  to  what  extent  th 
diametral  vibrations  are  introduced,  it  would  appear  to  be 
matter  of  some  importance. 

Whether  these  vibrations  are  a  help  or  a  hindrance  in  tl: 

9.    Kempf-Hartmann.     Annalen,   VIII,   p.   492    1902. 
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transmission  of  speech  it  is  difficult  to  say.  It  is  generally  con- 
sidered that  the  fundamental  tone  of  the  diaphragm  falls  within 
the  range  of  the  principal  frequencies  of  the  voice,  and  this  is 
borne  out  by  comparison  of  the  curves  of  Figs.  11  and  12  with 
the  data  given  on  the  frequencies  for  different  sounds.  The 
amplitude  of  the  circular  vibration  is  small  between  the  funda- 
mental and  the  next  higher  resonance  tone.  Sounds  of  certain 
pitch  arc  therefore  very  much  magnified  in  relation  to  others. 
The  frequencies  of  the  vibrations  with  one  diameter  and  two 
diameters  as  nodes  lie  below  the  frequency  for  the  second  circular 
vibration.  From  the  observations  discussed  above  it  appears 
that  a  telephone  diaphragm  may  be  made  to  take  up  these  modes 
of  vibration  by  properly  orienting  it  over  the  pole  pieces  or  by 
properly  loading  it.  Now,  might  it  not  be  possible  by  deliber- 
ately introducing  the  diametral  vibrations,  both  in  transmitter 
and  receiver,  and  choosing  the  sizes  of  the  diaphragm  in  such  a 
manner  that  the  maxima  of  the  resonance  for  the  one  diaphragm 
coincide  with  the  minima  of  the  resonance  for  the  other,  to 
maintain  more  nearly  the  relation  between  the  amplitudes  of 
soimds  of  different  frequencies? 

Work  on  the  Transmitter 

Arrangements  and  Apparatus,  For  the  transmitter  the 
general  problem  is  similar  to  that  for  the  receiver,  namely,  to 
exert  an  oscillating  force  of  known  form  on  the  diaphragm  and 
record  the  vibration  produced  by  it.  As  in  actual  use  the  trans- 
mitter is  acted  on  by  sound  waves,  the  most  natural  thing  would 
be  to  use  these  for  the  impressed  force,  but  experimental  diffi- 
culties arise  which  make  this  impracticable.  It  is  difficult,  if 
not  impossible,  to  get  a  source  of  sound  which  is  sufficiently 
loud,  and  at  the  same  time  gives  a  pure  tone  of  which  the  pitch 
and  intensity  may  be  easily  varied  and  measured  over  a  wide 
range.  Moreover  when  working  with  sound  sources  in  an  en- 
closed space,  such  as  the  room  of  a  laboratory,  there  are  always 
standing  waves  set  up  between  the  walls  of  the  enclosure  which 
would  introduce  a  further  uncertainty  in  determining  the  inten- 
sity of  the  sotmd  which  is  incident  upon  the  transmitter  dia- 
phragm. For  these  reasons  no  attempt  was  made  to  use  a  soimd 
source.  From  the  work  on  the  receiver  the  conclusion  seemed 
justified  that  the  pull  produced  on  the  diaphragm  by  the  receiver 
magnet  is  nearly  harmonic  for  a  harmonic  current,  and  the 
amplitudes  of  the  force  and  current  are  proi)ortional  if  the 
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current  is  not  too  great.  It  was  accordingly  decided  to  use  £ft 
receiver  magnet  for  producing  the  force  acting  on  the  transmitter 
diaphragm,  as  tliis  allows  the  frequency  and  amplitude  to  b^ 
easily  varied  and  measured.  The  magnet  of  a  receiver  was 
mounted  rigidly  in  front  of  the  transmitter.  A  small  iron  disk 
was  shellaced  on  to  the  diaphragm  to  have  some  magnetic: 
material  for  the  magnet  to  act  on,  as  the  transmitter  diaphragms 
themselves  are  of  aluminum.  The  necessity  of  using  the  disic 
and  the  fact  that  the  magnet  produces  a  central  force  instead  o£ 
a  distributed  one,  as  does  a  sound  wave,  are  disadvantages  of 
this  method.    (The  weight  of  the  disk  was  0.81  gram.) 

The  current  from  the  alternating-current  generator  was  passed 
through  the  coil  of  the  receiver  magnet,  and  the  current  wa>re 


recorded  on  the  oscillograph. 
For  recording  the  vibration  of 
the  diaphragm  the  mirror 
method  would  have  had  cer- 
tain advantages,  but  with  a 
system  as  stiff  as  the  trans- 
mitter the  amplitude  would 
not  be  great  enough.  Current 
from  a  storage  battery  was 
passed  through  the  trans- 
mitter and  the  second  vibra- 
tor of  the  oscillograph  in 
series,  and  the  variation  of 
current  in  the  transmitter  due 
to  the  vibration  of  the  dia- 
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Fig.  14 — Electrical    ConnectioKS 
IN  Working  with  the  Transmitte»- 


phragm  was  recorded  on  the  same  photographic  plate  on  which 
the  curve  of  the  current  through  the  magnet  was  recorded;  th^ 
variation  of  current  in  the  transmitter  was  taken  as  a  measure 
of  the  oscillation  of  the  diapliragm.     The  electrical  connection^ 
are  shown  in  Fi^.  It.     In  one  electrical  circuit,  which  will  here-' 
after  be   lefcnvd   to   as   the    *'  magnet  circuit,  "  the  high-fre-* 
quency   generator   0',    the    oscillograph    Oi,    the    coil    on  th^ 
magnet  F  and  the  resistance  R  are  in  series.     In   the  othc^ 
circuit,  which   will    be   called   the    *'  transmitter   circuit, "  thi^ 
current  flows  from  the  storage  battery  B  to  the  diaphragm  D, 
through  tlie  carbon  granules  box  of  the  transmitter  C  to  the 
oscillogra])h  Oa,  and  through  the  milliammeter  A  back  to  the 
battery.    The  battery  consisted  of  three  storage  cells ;  the  voltage 
remained  constant  at  2.9  volts  throughout.     The  two  circuits 


goes  variations  which  are  recorded  by  Oi.  During  the 
>f  making  an  exposure  the  milliammeter  is  sliuntcd  so  as  to 
way  with   all  possible  self-induction  in  the    transmitter 

Photographs  and  Measurements 
le  reproductions  of  the  photographs  are  shown  in  Figs,  6 
.  The  trace  on  the  left  shows  the  current  in  the  magnet 
The  zero  line  is  not  shown  but  would  traverse  the  middle 
trace,  as  this  is  due  to  a  simple  alternating  current.  The 
ht  dark  line  on  the  right  gives  the  line  for  zero  current  in 
■ansmitter.  The  trace  to  its  left  gives  the  variation  of 
It  through  the  transmitter  when  the  diaphragm  is  oscil- 
.  That  is,  the  distance  from  the  zero  line  to  the  trace 
r  pcrint  gives  the  instantaneous  value  of  the  current,  and 
ifference  between  the  maximum  and  minimum  distance 
the  range  of  oscillation  of  the  current.  The  frequencies 
ven  to  the  right. 

the  plates  for  600,  700,  940  and  1014  cycles,  and  on  most 
plates  not  reproduced,  the  traces  are  pointed  for  maximum 
it  (granules  compressed)  and  flat  for  minimum  current, 
se  cases  the  steady  current  line  runs  nearer  the  minimum 
the  maximum.  This  was  shown  by  an  asymmetrical 
suing  of  the  light  spot  toward  the  left  when  the  exciting 
it  was  turned  on,  and  also  by  a  rise  in  the  reading  of  the 
oimeter  A .    In  the  iirst  plate  shown,  namely  for  2$S  cycles. 
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of  a  ground  glass  and  a  rocking  mirror,  but  the  transmitter  hm 
gone  back  to  its  normal  condition  before  a  photograph  w^ 
obtained.  After  this  no  amount  of  tapping  and  exciting  woiC 
bring  it  back.  The  plates  in  question  were  obtained  when  at  tl 
end  of  a  series  of  exposures  this  condition  was  found  to  csi 
accidentally.    After  these  two  plates  the  transmitter  retuniel  i 
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Fic.  15— Relation    detween    Cuseent  through  the  Con- 
THE  Magnet,   aso  the   Variation  of   the  Curkknt  through  f ' 
Tkansuitter. 

its  normal  state.  Later  one  more  anomalous  trace  was  obtain^ 
at  660  but  this  does  not  fit  in  well  with  the  others.  The  pecuBsl 
ity  did  not  seem  to  occur  at  any  definite  frequency,  but  seemedt 
depend  entirely  on  the  arrangement  of  the  granules,  for  whe 
once  present  it  showed  over  a  wide  range  of  frequency,  andiriu 
absent  the  same  frequency  could  be  gone  over  with  normal  result 
It  is  not  to/be^confused  with  ordinary  "  packing  "  but  may  1 
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llied  to  it.  The  traces  tor  the  transmitter  in  geiipral 
reat  deal  more  distortion  than  do  those  for  the  receiver, 
ai  range  of  force  on  the  diaphragm  is  considerably  less 
■ansmitter,  as  the  air  gap  between  the  magnet  and  du?k 
■,  and  the  amplitude  of  the  current  in  the  magnet  is  less. 
ig  for  each  frequency  the  current  in   the  magnet  as 

and  the  variation  of  current  in  the  transmitter,  per 
ere  of  steady  current,  as  ordinate,  we  get  the  curves  of 

This  relation  between  the  two  is  seen  to  be  approxi- 
near.  The  point  farthest  out  usually  shows  a  somewhat 
lope,  but  in  several  cases  the  reverse  is  true.  The 
il  errors  due  to  changes  in  the  transmitter  are,  of  course, 


1 
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,0.   Hi— Resonance  Cui 


>  a  straight  line  running  between  the  two  points 
adercd  a  fair  locus  for  the  curve.  In  Fig.  10  a 
plotted  having  frequencies  as  abscissas,  and  as  ordi- 
variation  of  current  in  the  transmitter  per  milliamperc 
current,  when  the  current  in  the  magnet  has  a  constant 
tour  milliamperes.  This  is  the  resonance  curve  for  the 
n.  The  points  all  fall  fairly  well  into  line  except  the 
60  '^,  which  is  the  one  exposure  made  when  the  trans- 
is  for  the  second  time  in  the  anomalous  state.  The  two 
tained  when  it  was  for  the  first  time  in  this  state  fall 
very  well.  The  resonance  curve  certainly  does  not 
iie  point  at  660  '^,  as  the  light  spots  were  watched  vis- 
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ually,  when  the  granules  were  in  normal  condition,  and  no  d] 
in  amplitude  at  that  frequency  was  ever  noticed.  The  lii 
spots  were  watched  tnne  and  again  as  the  generator  accelera 
or  came  to  rest ;  and  it  was  easy  to  see  the  marked  continu 
rise  and  fall  in  the  width  of  the  oscillation.  Whatever  en 
may  have  crept  into  the  determination  of  one  or  two  of 
points,  the  general  nature  of  the  resonance  is  certainly  thai 
Fig.  16. 

We  notice  in  the  curve  the  slight  fall  before  the  first  maxiiri 
which  was  present  in  the  receiver  diaphragm  curves,  anc 
probably  due  to  the  losses  in  the  magnet.    Next  the  sharp  mi 
mum  at  700,  the  minimum  at  800,  the  second  maximum  at  J 
and  after  this  the  drop  to  a  fairly  constant  value.    It  is  regret 
that  the  investigation  could  not  be  pushed  above  1350, 
at  higher  frequencies  conditions  became  very  unsteady ;esp 
ally  is  this  true  of  the  average  current  through  the  transmit 
It  is  a  great  surprise  to  find  such  sharp  maxima  in  the  curve, ; 
two  so  close  together.  The  ordinate  of  the  first  maximum  is  seej 
be  about  eight  and  a  half  times  that  at  the  minimum,  and  six  i 
a  half  times  that  at  the  lowest  frequency;   at  the  second  rrn 
mum  abouc  eighteen  times  that  at  the  minimum  just  before 
and  about  four  times  that  at  the  lowest  frequency.    The  Ic 
tion  of  the  fundamental  vibration  at  700  cycles  is  in  good  agi 
ment  with  Gati*s  work.    It  is  to  be  regretted  that  no  data 
be  obtained  from  his  results  regarding  the  sharpness  of 
resonance.       His  curves  having  as  ordinate  the  current  i: 
secondary  circuit  have  a  zero  ordinate  for  zero  frequency, 
they  start  from  the  origin.     Hence  no  comparison  between 
amplitude  at  resonance  with  that  at  zero  frequency  can  be  mi 

The  first  resonance  of  the  diaphragm  we  would  natur; 
suppose  to  be  due  to  its  vibration  as  a  whole.  The  second  r 
be  introduced  by  one  of  the  so-called  damping  springs.  ' 
diaphragm  in  most  modem  transmitters,  and  in  the  one  \ 
worked  with,  is  held  in  place  by  two  pieces  of  spring  steel  ah 
f  in.  wide,  1§  in.  long  andO . 01  in.  thick.  These  have  rubber  tips 
the  ends.  One  presses  against  the  diaphragm  at  the  edge;  i 
the  other  one,  some  distance  in  towards  the  center.  Now 
point  where  the  second  one  presses  is  more  firmly  supported  t! 
the  points  in  its  vicinity,  so  the  second  resonance  may  be  dm 
a  vibration  of  irregular  configuration  with  this  point  lying  o 
nodal  line.  If  this  is  the  case  one  of  the  actions  of  the  damp 
springs  is  just  the  opposite  to  that  commonly  supposed.    Accc 
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to  Kempster  B.  Miller:"  "The  object  of  these  damping 
ngs  is  to  prevent  too  great  an  amplitude  of  vibration  of 
diaphragm,  and  also  to  keep  it  from  vibrating  in  separate 
bs  instead  of  as  a  unit."  The  inside  damping  spring  may  also 
e  considerable  influence  in  raising  the  fundamental  period 
ie  ^phragm  as  it  adds  to  it^  stiffness.  It  should  be  possible 
sttle  these  questions  by  placing  both  springs  on  the  edge  and 
ng  another  resonance  curve.  It  is  hoped  to  do  this  in  the  near 
pe. 

Summary  of  Results 
■.olographs  have  been  obtained  showing  the  vibration  of 
■vw  diaphragms  when  approximately  harmonic  currents 
>as3ed  through  the  receiver.  These  show  considerable  dis- 
on  at  some  frequencies  and  very  little  at  others.  At  any  one 
lency  the  distortion  is  less  for  smaller  currents.  This  is  what 
c3  be  expected  from  a  priori  consideration. 
I  approximately  linear  relation  has  been  shown  to  exist 
^ten  current  and  amplitude  of  oscillation  of  the  diaphragm 
the  range  of  work,  which  extends  well  beyond  that  of  prac- 
Resonance  curves  for  two  receiver  diaphragms  have  been 
c^  ^ving  quantitative  data  of  the  influence  of  the  natural 
cj  of  the  diaphragm. 

le  effect  of  a  small  load  on  the  form  and  range  of  the  oscilla- 
nras- examined.  Its  influence  could  not  be  detected  except  in 
Tistance  in  which  there  was  possibly  a  slight  effect  on  the 
-   of  oscillation. 

^metral  vibrations  of  the  diaphragm  were  observed  in  cases 
t>ich  they  would  not  have  been  cx])ected  from  the  apparent 
^*ielry  of  the  instrument.  The  orientation  of  the  diaphragm 
the  pole  pieces  was  observed  to  have  a  marked  eflect.  It 
Hot  been  experimentally  settled  whethtT  this  is  due  lo  the 
tn  or  the  vrahu  of  the  nlate.  hut  it  is  rliflRnilt  to  ^co-  hnw  a 
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These  distorted  curves  may  be  just  reversed  from  their  normal 
form  when  the  microphone  is  in  a  certain  abnormal  state. 

An  approximately  linear  relation  exists  over  the  range  exam- 
ined between  the  variation  in  current  and  the  exciting  force. 
The  resonance  curve  of  the  transmitter  is  given,  showing  very 
marked  maxima  and  minima.  The  first  maximum  is  .attributed 
to  the  fundamental  period  of  the  diaphragm  vibrating  as  a  whole. 
The  second  maximum  is  attributed  to  the  diaphragm  vibrating 
in  an  irregular  configuration  on  accoimt  of  the  damping  springs. 


DISCUSSION  AT  BOSTON 


DN  ON  "  The  Vibration  of  Telephone  Diaphragms  " 
BAND  Whitehead),  Boston,  Mass.,  June  27,  1912. 

'  D.  Shepardson :  Attention  is  called  in  the  paper  to 
jlarities  in  the  oscillograph  curves  at  the  values  332 
1 1292  cycles.  I  examined  that  "  dimple,"  as  it  is  called, 
dderable  interest,  and  found  two  possible  explanations 
a  both  cases  the  dimple  occurs  where  the  diaphragm  is 
eatest  distance  from  the  magnet.  The  first  explana- 
h  occurs  is  that  the  diaphragm  is  there  in  a  compara- 
ak  field  where  the  diaphragm  is  more  free  to  vibrate 
n  natural  periods.  Another  more  plausible  explana- 
at  the  actuating  current  in  this  case  is  several  himdred 
ater  than  the  normal  current.  Now,  that  means,  if 
»  the  equation  which  is  given  here  for  the  performance 
iphragm,  a  very  strong  m.m.f.,  due  to  the  current  in  the 

the  "  dimple,"  the  current  in  the  negative  or  demagne- 
rectton  becomes  dominant  and  neutralizes  the  m.in.f. 
e  permanent  magnet;   as  the  current  passes  the  critical 

pull  becomes  positive,  being  proportional  to  the  square 
iiTent,  and  thus  causes  the  "  dimple  "  at  the  extreme 
I  think  this  second  reason  is  much  more  plausible 
first,  that  is,  that  it  is  the  m.m.f.  of  the  cturent 
ag  and  reversing  the  permanent  field. 
uggests  a  point  in  connection  with  the  equations  (2) 

You  will  find  that  all  of  the  discussions  of  the  theory 
ephone  transmitter  are  based  on  the  assumption  that 
It  in  the  coil  actually  changes  the  value  of  the  perma- 
.  I  think  that  is  entirely  erroneous.  If  you  place  a  coil 
■■  heel  of  the  magnet,  at  the  most  remote  distance  from 

you  will  find  that  the  variation  in  the  permanent  flux 
ml ;  it  amounts  to  from  1  to  10  per  cent  with  the  greatest 
aiiation  in  the  inductance  you  can  get,  by  removing  the 
entirely  away  from  the  soft  iron  pole  pieces.  It  seems  to 
eal  action  of  the  current  in  the  coil  on  a  telephone  re- 
not  to  change  the  total  amount  of  flux  but  simply  to 
le  distribution  of  it,     I  doubt  very  much  whether  the 

passing  through  the  diaphragm  is  even  changed,  but 
1  of  the  coil  is  to  concentrate  that  force. 
'  is  made  about  the  discrepancy  between  the  natural 
observed  and  that  as  calculated,  890  in  one  case  and  732 
er.  I  suggest  that  that  discrepancy  may  be  due  to  the 
Rayleigh's  formula  does  not  take  very  much  account  of 
erature  effect.  The  temperature  acts  very  much  like 
of  a  drum.  You  tighten  up  the  cords  on  the  drum  and 
>f  the  drum  rises,  and  so  in  the  case  of  the  telephone  re- 
Sj|tbe  temperature  rises  it  strains  the  diaphragm 
s  its  natural  period  of  vibration.  Rayleigh's  formula 
tpedfically  cover  that  point.     In  the  case  of  the  trans- 
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mitter  diaphragm,  clamped  only  at  one  or  two  points,  and 
if  there  are  other  points  these  are  usually  in  a  straight  line, 
the  temperature  effect  is  almost  nil.  I  have  applied  tempera- 
ture variation  of  100  deg.  fahr.  to  a  transmitter  diaphragm  and 
found  no  appreciable  difference  in  the  sensitiveness  to  sounds  of 
varying  pitch. 

Mention  is  made  of  the  effect  of  the  damping  spring.  I  have 
experimented  recently  upon  a  transmitter  where  the  source  of 
sound  was  a  siren  whose  speed  and  whose  pressure  were  separately 
controllable,  and  I  found  in  almost  every  case  a  curve  of  sen- 
sibility which  l.K^ars  a  general  family  resemblance  to  Fig.  16  of 
the  pai)er.  The  effect  of  the  damping  spring  upon  the  natural 
period  docs  not  seem  to  be  as  great  as  one  might  expect,  although 
it  does  seem  to  have  some  influence.  In  one  case  I  found  a 
minimum  sensitiveness  at  1115  vibrations,  with  the  damping 
spring  removed  clear  off  to  one  side.  With  the  damping  spring 
shifted  back  to  its  ordinary  i)osition,  and  with  the  ordinary 
tension,  the  maximum  pohit  was  at  1070  vibrations.  By  tight- 
ening the  damping  spring,  moving  the  screw  in  about  one-quarter 
turn,  the  maximum  point  was  shifted  over  to  975,  so  that  the 
presence  of  the  damping  spring  seems  to  affect  the  pitch  for 
maximum  sensitiveness.  These  results  were  not  repeated,  and  I 
do  not  attach  great  importance  to  them. 

Regarding  the  i)ositions  of  maximum  sensitiveness  in  the  curve 
of  Fig.  16,  experimental  work  shows  that  these  positions  vary 
according  to  the  construction  of  the  transmitter;  that  is,  trans- 
mitters of  different  manufacture  will  show  these  points  of  maxi- 
mum sensitiveness  coming  at  varying  positions.  Different 
transmitters  from  the  same  factory  will  show  marked  differences 
in  the  positions  of  the  peaks.  For  example,  one  transmitter 
showed  minor  peaks  at  about  500  cycles  per  second,  and  major 
peaks  at  some  925  cycles  per  second,  another  at  1065,  another  at 
1655,  and  another  at  2100,  so  you  may  expect  a  series  of  peaks 
of  maximum  sensitiveness.  In  another  case  the  peaks  came  at 
1600,  900,  1065,  and  1640,  and  this  case  of  1640  was  what  I 
would  call  the  summum  maximum,  that  is  the  highest,  higher  than 
any  of  the  other  peaks.  Another  transmitter  had  equal  maxima 
at  1050  and  1700. 

I  would  say  that  these  experiments  were  made  with 
sound  as  the  soiu"ce  of  the  disturbance,  and  there  was  con- 
siderable difficulty  experienced  in  getting  rid  of  reflections 
from  the  walls.  In  some  cases  these  brought  in  phenomena 
that  were  very  puzzling  until  means  were  found  to  eliminate 
them. 

George  W.  Pierce:  I  have  been  very  much  interested  in 
this  paper,  particularly  as  Professor  Kennelly  and  I  have  re- 
cently been  making  some  experiments^  which  include  as  a  part 
of  the  work  the  detennination  of  the  period  of  vibration  of  the 
telephone  diaphragm.       First,  as  to  temperature.     One  of  oiir 

1.   Published  in  full  in  Proc.  Am.  Acad.  (Boston),  Vol.  48,  No.  6,  1912. 
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laboratory  mechanics.  Mr.  Greaves,  who  was  trying  to  make  a 
telephone  of  partictilar  pitch,  found  when  he  breathed  on  the 
diaphragm  he  changed  the  period  perhaps  fifty  per  cent.  The 
period  changes  enormously  if  the  diaphragm  is  rigidly  clamped 
into  a  metallic  frame,  but  if  the  diaphragm  is  loosely 
clamped,  as  in  the  case  of  the  ordinary  telephone  receiver,  with 
washers  or  gaskets,  the  temperature  does  not  have  so  great  an 
effect. 

In  regard  to  the  occurrence  of  the  dimple  in  two  or  three  of 
Meyer's  and  Whitehead's  oscillograms,  also  with  some  oscillo- 
grams similar  to  these,  I  found  that  the  dimple  occurred  when 
the  current  was  large,  independent  of  the  pitch,  and  it  seems  to 
me  to  be  the  phenomenon  that  Professor  Shepardson  has  men- 
tioned, of  the  preponderance  of  impressed  force  over  the  direct- 
ing force  of  the  permanent  magnet.  To  avoid  that  effect  I 
found  that,  if  you  use  a  permanent  magnet  for  the  field  and 
attach  a  coil  to  the  diaphragm,  so  as  to  link  with  the  magnetic 
flux  of  the  field  magnet,  and  send  alternating  current  through 
the  coil,  you  can  vary  the  pull  on  the  diaphragm  to  any  extent, 
yet  get  no  dimple  at  all,  because  there  was  no  change  in  the 
Bo  magnetic  field  by  the  effect  of  the  impressed  ciurent. 

In  regard  to  the  period  of  the  diaphragm.  Professor  Kennelly 
and  I  have  been  measuring  resistance  and  inductance  of  the 
telephone  receiver  at  different  frequencies,  and  the  result  is  very 
interesting  and  indicates  the  marked  effect  of  periodicity  of  the 
diaphragms  as  Messrs.  Meyer  and  Whitehead  have  found.  If 
you  measure  the  resistance  and  the  inductance  with  the  tele- 
phone diaphragms  damped  you  get  one  value,  and  then,  if  you  take 
your  finger  off  the  diaphragm,  and  allow  it  to  vibrate,  you  get 
a  different  value  of  inductance  and  resistance. 

With  the  diaphragm  vibrating,  the  inductance  and  resistance 
may  differ  by  50  per  cent  from  the  inductance  and  resistance  with 
the  diaphragm  damped.  Let  us  call  the  excess  of  the  inductance 
or  resistance  when  the  diaphragm  is  free  over  the  inductance  or 
resistance  when  the  diaphragm  is  damped  the  motional  inductance 
or  resistance  of  the  receiver.  The  motional  inductance  multiplied 
by  the  angular  velocity  we  shall  call  the  motional  reactance.  If 
now  we  plot  motional  resistance  and  motional  reactance  against 
the  angular  velocity  of  impressed  e.m.f .  we  get  — for  a  ])articular 
receiver — thecurves  "  reactance  "  and  **  resistance  "  in  Fig.  1  here- 
with. At  the  pitch  of  5700  radians  persec.  the  vibration  of  the  dia- 
phragm increases  the  resistance  by  a  large  amount  (22  ohms) .  At 
a  slightly  different  pitch — 5900 — the  vibration  of  the  diaphragm 
decreases  the  resistance  by  45  ohms.  The  reactance  may  follow 
a  curve  somewhat  like  the  resistance  curve,  but  in  general, 
with  the  change  of  pitch,  the  vibration  of  the  diaphragm  causes 
the  reactance  to  decrease  to  a  minimum  and  then  to  go  up  again, 
as  shown  by  the  curve  marked  "reactance.** 

Now,  if  we  measured  the  inductance,  calculated  the  reactance 
and  measured  the  resistance,  we  had  the  impedance,  we  also  knew 
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the  current — and,  multiplying  the  square  of  the  current  by  the 
resistance,  we  get  the  power,  and  taJring  the  difference  between 
the  power  when  the  telephone  is  free  and  vibrating,  and  the 
power  when  the  telephone  is  damped,  we  get  the  curve  marked 
'  power  "  of  Fig.  1.  The  change -of- power  curve,  the  amountof 
power  supplied  to  the  telephone  when  free  in  excess  of  the  amount 
when  damped,  is  very  largo  when  you  approach  the  resonant 
period  of  the  diaphragm,  and  attains  its  maximum  in  the  neigh- 
borhood of  natural  period  of  the  diaphragm,  which  in  the  casec^ 
Fig.  1  was  5820  radians  per  second.  This  change  of  pover 
amounted  to  as  much  as  68  per  cent,  when  the  telephone  was 
making  a  pretty  good  noise.     That  is,  if  you  put  your  finger  on 
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the  diaphragm  and  measure  the  power  input  at  constant 
voltage,  and  lake  your  finger  off  the  diaphragm,  and  then  mW' 
sure  the  power  input,  you  will  find  that  the  power  input  has 
increased  by  68  per  cent. 

The  telejjhone  was  free  in  a  room,  and  the  room  was  full  "^ 
sound,  when  we  were  using  current  of  frequency  near  the  reson- 
ance point,  and  the  sound  interfered  by  reflection,  producjn? 
stationary  waves  in  the  room.  If  an  assistant  walked  througli 
the  room,  so  as  to  go  through  the  different  points  of  maxima  aid 
minima  of  sound,  the  effect  was  a  reaction  on  the  telephone,  so 
that  its  inductance  and  resistance  changes  with  the  position  d 
the  assistant  in  the  room,  and  if  you  had  a  bridge  balance  ((* 
inductance  and  resistance  and  allowed  a  man  to  walk  througli 
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the  bridge  would  be  variously  thrown  in  and  out  of 
The  reflected  sound,  coming  back  and  striking  the 
I,  determines  in  part  the  work  by  the  diaphragm,  so 
ft  of  the  stationary' wave  system  in  the  room  affected 
e,  resistance  and  power.  With  a  given  e.m.f.  the  re- 
'.  the  diaphragm  would  usually  increase  with  the  amount 
one  by  the  fiaphragm,  and  that  would  depend  upon 
lary  wave  system. 

plot  the  motional  reactance  against  the  motional  re- 
meaning  by  the  motional  values  the  excess  of  reactance 
ice  when  the  diaphragm  is  free  over  the  corresponding 
a  it  is  damped^ — if  you  plot  one  of  these  quantities  against 
,  R  being  plotted  horizontally  and  L  being  vertical, 
circular  locus,  as  in  Fig.  2.  The  resistance  and  induct- 
ige  in  relation  to  each  other.     The    position  of  the 

the  circle  is  deter- 
tbe  mechanical  and 

constant  of  the 
1,  and  if  you  plot 
velocities  of  im- 
!.m.£.  around  the 
1  begin  at  the  origin 
ular  velocity  zero, 
«  angular  velocity 
to  infinity  the  vec- 
tional  "    impedance 

around  the   circle 

ive  direction.     The 

of    e.m.f.    which 

point  of  the  im- 
arcle    diametrically 

to  origin  is  the 
equency  of  the  dia- 
ind  the  periods  of 
-agm  differ  in  differ- 
ments  and  also  the  sharpness  of  these  resonance  curves 
lifferent  instruments.  If  you  take  a  curve  like  that 
ssrs.  Meyer  and  Whitehead  have  in  their  paper^ — or  the 
curve  of  the  excess  power  put  into  the  telephone  when 
•agm  is  free,  you  find  that  with  an  ordinary  Bell  receiver, 
e  of  frequency  to  throw  the  diaphragms  well  out  of  reso- 
r  be  as  much  as  100  radians  per  second,  but  if  you  take 
gm  rigidly  clamped  around  the  periphery  by  a  heavy 
lamp  a  change  of  period  of  10  radians  per  second  in 
Land  would  throw  it  completely  out  of  resonance  and 
5  amplitude  of  vibration  so  as  to  give  almost  complete 
If  you   breathe    on   the    rigidly- clamped  diaphragm 

actuated  by  a  resonant  current,  the  heat  of  the  breath 
lange  the  natural  mechanical  period  of  the  diaphragm 
luce  complete  silence. 
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r"  Professor  Kennclly  and  I  find  that  the  curves  that  I  have  show"^ 
agree  closely  with  theoretical  values  obtained  by  consideriii^ 
the  reaction  of  the  moving  membrane  on  the  magnetic  circuit  - 
The  theoretical  treatment  resembles  the  theoretical  discussiox^^ 
of  refraction  and  absorption  in  the  neighborhood  of  the  absori> — 
tive  band  in  optics,  except  that  in  the  telephone  diaphragm  prob  ^ 
lem  account  had  to  be  taken  of  the  fact  that  the  magnetizatiors^ 
of  the  iron  lags  behind  the  magnetizing  forces,  consequently  th^ 
shift  in  phase  in  the  telephone  problem  differs  from  that  in  th^ 
optical    problem.     We    determined    experin\entally    the   shift::. 
of  phase,  and  found  that  it  was  equal  to  twice  the  angle  of  la^ 
of  the  magnetization  behind  the  magnetizing  force  as  was  de- 
manded by  the  theory. 

Alan  E.  Flowers :  I  ask  what  bearing  your  results  have  on. 
the  values  that  have  been  given  for  the  principal  frequencieiS 
in  telephone  currents;  and  also,  if  it  is  possible  in  further  experi- 
ments to  use  a  diaphragm  which  would  be  free  from  enamel  or" 
other  non -elastic  substances,  so  that  the  period  could  be  calcu- 
lated more  accurately,  and  if  possible  have  the  surfaces  polishecS. 
so  that  you  would  get  the  reflection  from  different  portions  a't 
will  without  loading  any  particular  spot.  The  very  small 
mirror  may  or  may  not  have  some  effect  upon  some  particular' 
laws  of  diametral  vibration,  depending,  of  course,  on  the  relatiorm 
of  the  weight  of  the  mirror  per  unit  area  and  the  weight  of 
diaphragm  itself  ^cr  unit  area;  and,  further,  I  ask  if  it  would 
possible  to  carr>^  out  further  experiments  with  different  dia- 
phragm thicknesses. 

A.  E.  Kennelly:  There  seems  to  be  a  difference  of  phas^ 
indicated  in  some  of  the  oscillograms,  judging  from  a  moAy 
random  examination,  between  the  currents  and  the  motions,  and 
we  should  be  glad  to  know  whether  that  difference  actually  exists 
or  not. 

John  B.  Taylor:  Dr.  Kennelly  asked  the  question  I  was  about 
to  ask;  that  is,  whether  the  apparatus  is  set  up  with  sufficients 
exactness  so  that  measurements  made  from  the  cturent  to  th^ 
diaphragm  displacement  line  can  be  taken  as  indicating  th^ 
relative  phase  between  the  two.  Some  of  the  records  at  low 
frequency  seem  to  show  more  pronounced  lags  than  those  at 
higher  frequency,  and  one  of  the  records,  in  Fig.  4,  seems  to  show' 
almost  a  reversal.  It  is  possible  in  this  case  they  may  have  taken 
their  apparatus  down  and  set  it  up  again  wth  ccxmections  re- 
versed. 

John  B.  Whitehead:     Which  one? 

John  B.  Taylor:     The  one  I  call  a  reversal,  as  it  appears  so 
to  me,  is  9.8  radians. 

John  B.  Whitehead:    What  is  the  frequency? 

John  B.  Taylor:     It  is  106G,  as  given  on  Plate  LXXVI. 

John  B.  Whitehead:     There  are  some  of  these  which 
quite  extreme. 

John  B.  Taylor :    0.8  X 1 0-*  radians  deflection  imder  1066 cyde 


■ed  to  be  so  low  that  the  energy  consumed  is  not  given  much 
:ition.  Just  as  an  induction  motor,  clamped  and  at  a  stand- 
will  show  different  characteristics  from  a  motor  running, 
iher  lightly  loaded  or  heavily  loaded,  so  mil  a.  telephone 
■ver  show  different  electrical  properties  if  the  diaphragm  is 
allowed  to  move.  It  would  be  interesting  to  compare  these 
rds  with  others  taken  with  the  receiver  held  against  the  ear, 
hich  case  the  "  load  "  conditions  would  be  those  for  which 
apparatus  is  designed. 

Mfge  D.  Shepardsoii:  There  is  one  further  point  I  want  to 
attention  to  in  connection  with  the  performance  of  the  trans- 
ers.  In  Fig.  6  the  curve  for  the  transmitter  current  is 
iderably  flattened  on  one  side;  that  is  just  what  we  should 
f  we  had  superimposed  upon  the  fundamental  wave  a  second 
s  having  twice  the  frequency,  but  with  the  zero  corres- 
liig  with  the  zero  of  the  fundamental  wave.  That  is 
what  is  demanded  in  what  is  sometimes  called  the  inverse 
ry  of  the  transmitter,  that  is,  the  motion  of  the  transmitter 
bragm  which  would  be  required  in  order  to  give  a  sine  wave. 
•  theory  calls  for  a  strong  component  of  double  frequency, 
tliat  is  exactly  what  is  shown  in  this  experimental  investiga- 
m,  coming  about  from  an  entirely  opposite  direction.  I 
c  Mr,  Anderegg  was  the  first  one  who  called  attention  to  this 
a  article  which  appeared  in  Telephony  in  January,  1909, 
bis  double  frequency  component,  which  he  obtained  mathc- 
cally,  is  exactly  what  is  brought  out  in  this  oscillogram 
« transmitter. 

VokWenner:  There  is  one  point  which  I  should  like  to 
•■ttention  to,  and  that  is  that  the  motion  of  the  diaphragm 
Uces  an  e.in.f.  in  the  circuit  just  as  in  any  other  dynamo- 
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I  have  no  doubt  the  treatment  is  the  same  as  for  the  vibration 
galvanometer,  except  for  the  lag  in  the  iron,  which  will  shift  our 
change  of  resistance  curve  to  where  our  change  of  induction  curve 
ought  to  be  if  there  were  no  magnetic  lag;  that  is,  the  double 
angle  of  lag  amounts  to  enough  to  almost  interchange  these  two 
curves. 

As  to  this  amount  of  power,  perhaps  my  illustrations  were  not 
clearly  explained.  I  said  that  this  68  per  cent  increase  of  power 
occurred  when  we  got  at  the  resonant  point  of  the  diaphragm. 
That  does  not  mean  that  we  have  the  measure  there  of  the  energy 
of  the  moving  diaphragm;  it  merely  means  that  with  a  given 
e.m.f.  we  draw  more  power  under  one  condition  than  under 
another  condition.  The  excess  of  power  drawn  amounted  to  a 
considerable  quantity,  and  no  doubt  a  good  deal  of  it  went  into 
sound  and  energy  radiation  from  the  diaphragm,  a  part  of  which 
is  not  sound.  The  experiments  were  made  with  0.3  of  a  volt 
in  the  telephone  circuit,  t.  e.,  under  conditions  which  were 
somewhere  near  normal.  The  strength  of  the  current  in  the  tele- 
phone varies  with  the  frequency,  but  it  is  in  the  neighborhood  of 
one  milliampere. 

This  reaction  of  the  absorption  of  the  sound  upon  the  sounding 
body  is  a  matter  that  Professor  Sabine,  at  the  physical  labora- 
tory, of  Harvard,  has  emphasized  and  pointed  out  to  me  by  means 
of  an  experiment  of  that  kind.  He  had  a  tuning  fork  electrically 
driven  in  a  room  and  measured  the  energy  of  soimd  all  over  the 
room,  everywhere,  and  integrated  it  so  that  he  got  the  total 
amount  of  energy  in  the  room.  He  then  put  felt,  which  is  an 
absorber  of  sound,  in  the  room,  with  the  intention  of  reducing 
the  sound  and  measuring  it  again.  He  measured  it  again,  and 
he  had  more  energy  than  before.  Although  the  felt  absorbed 
a  lot  of  energy,  there  was  more  energy  than  before.  The  explana- 
tion was  that,  putting  the  felt  in  the  room  shifted  the  wave  zones 
in  the  room.  He  set  his  tuning  fork  at  a  constant  amplitude, 
but  the  i^owcr  drawn  electrically  happened  to  be  increased 
by  the  shift  of  waves  due  to  the  introduction  of  the  felt. 

On  the  question  of  the  absorption  of  energy  by  an  observer, 
Professor  Sabine  has  measured  the  absorption  of  energy  by  a 
person — that  is,  he  got  the  energy  in  the  room,  and  measured  it, 
and  then  got  the  energy  absorbed  per  person.  It  is  interesting 
that  he  found  that  a  woman  absorbs  more  sound  than  a  man, 
the  difference  being  due  to  the  difference  in  the  character  and 
amount  of  clothing  of  the  woman  and  the  man. 

John  B.  Whitehead :  Referring  to  the  explanation  for  the 
**  dimple  "  in  the  diaphragm  curves — although  I  could  not 
follow  the  first  speaker  very  closely,  I  understand  his  suggestion 
is  that  the  dimple  was  caused  by  the  actual  killing  of  the  flux  of 
the  magnet  itself,  yet  in  the  further  progress  of  lus  remarks,  he 
says  that  so  far  as  he  has  been  able  to  observe  the  total  flux  of 
the  exciting  magnet  of  the  diaphragm  changes  very  little  throt^h- 
out  the  range  of  operation  due  to  the  first  current  in  any  event. 
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George  D.  Shepardson:  I  distinguished  between  the  ordinary 
operation  of  the  receiver  and  that  with  a  current  some  hundred 
times  greater  than  the  ordinary;  in  this  case  the  current  was 
unusually  large. 

John  B.  Whitehead:  That  may  be  true,  and  is  certainly 
a    very   interesting   suggestion. 

As  to  the  relation  of  frequency  to  pitch,  Mr.  Flowers  explained 
that,  I  believe.  It  is  quite  obvious  that  if  we  depend  upon  the 
nattiral  frequency  of  vibration  of  the  diaphragm  for  telephonic 
oomnituiication  it  is,  therefore,  desirable  to  have  the  peak 
spread  out  as  far  as  it  possibly  can  be,  and  as  high  up  as  possible 
toward  the  peak  of  the  c\irve  itself.  So  that,  if  I  understand  the 
question  correctly,  I  shoidd  think  we  would  aim  to  get  a  dia- 
phragm with  resonance  curve  broad  at  its  base,  rather  than  ex- 
tremely narrow,  such  as  the  one  that  Professor  Pierce  has  de- 
scribed. 

I  think  that  great  difficulty  would  be  met  with  in  attempting 
to  polish  the  surface  of  the  diaphragm  itself  in  order  to  use  it  as 
a  mirror  for  reflecting  spots  of  light.  The  definition  on  the  plate 
resulting  from  a  reflection  from  the  tiny  mirror  is  really  got  by 
the  size  of  the  mirror  itself.  All  the  light  reflected  from  the 
mirror  itself  goes  to  the  plate,  and  the  polishing  of  the  whole 
surface  would  lead  to  a  good  deal  of  difficulty,  diffused  light 
spoiling  the  definition. 

As  to  the  thickness  of  the  diaphragm,  that  would  be  an  inter- 
esting line  of  investigation.  Doubtless  something  has  been  done  in 
this  direction  but  so  far  as  we  know  no  results  have  been  published. 

As  to  the  cutting  out  of  the  receiver  cap,  it  is  practically  impos- 
sible to  carry  out  any  very  extensive  investigation  of  this  kind 
without  removing  the  receiver  cap.  We  did  nothing  to  check 
the  influence  upon  the  vibrations  of  the  removal  of  the  cap,  but 
I  do  not  believe,  from  the  progress  of  the  experiments,  and  from 
the  absence  of  any  evidence  of  an  upsetting  of  any  of  the  results, 
that  it  is  an  important  factor. 

It  is  proper  in  closing  to  state  that  the  bulk  of  the  work  involved 
in  the  preparation  of  this  paper  was  done  by  Dr.  Meyer,  in  our 
laboratory,  at  Johns  Hopkins  University. 

Charles  F.  Meyer:  The  explanation  of  Mr.  Shepardson  re- 
garding the  "  dimple  "  in  the  curve  obtained  at  232^^,  fof  a 
range  of  21.8X10""*  radians,  seems  very  plausible.  His  explana- 
tion is  corroborated  by  an  examination  of  the  curv^e  at  1292^^,  for 
a  range  of  9.8X10~*  radians,  which  also  shows  a  slight  dimple. 
It  will  be  observed  that  the  values  of  the  current  corresponding 
to  these  two  photographs  were  68.0  and  61.1  milliamperes,  and 
for  no  other  records  did  the  current  have  such  high  values.  It 
would  therefore  seem  as  though  the  '*  dimple  ''  were  due  to  the 
high  value  of  the  current. 

In  setting  down  the  equations  (2)  and  (3),  page  1401,  it  was 
not  desired  to  convey  the  idea  that  the  current  in  the  coils  of 
the  receiver  actually  changes  the  induction  in  the  permanent 
magnet,  for  there  is  no  reason  to  believe  this.    There  is  a  cer- 
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tain  amount  of  induction  present  due  to  the  permanent  magnet, 
and  there  is  a  variable  induction,  due  to  the  current,  superim- 
posed on  this.  Equations  (2)  and  (3)  hold  good  independently 
of  how  far  back  into  the  pole  pieces  the  variation  in  the  induction 
extends. 

The  observation  of  Mr.  Pierce  upon  the  variation  of  power 
constmied  by  the  telephone,  accompanying  a  variation  of  the 
system  of  standing  waves  in  the  room,  is  very  interesting.  He 
did  not  state  the  proportionate  magnitude  of  the  change  in  power. 
In  the  present  investigation  no  effect  of  the  standing  waves  upon 
the  amplitude  was  observed.  The  photographs  were  all  obtained 
with  the  experimenter  in  one  position,  which  was  necessary  for 
manipulating  the  apparatus,  but  no  variation  in  amplitude  due 
to  walking  around  the  room  was  visually  observed.  It  is  thought 
that  a  variation  of  ten  per  cent  could  not  have  escaped  detection. 

It  was  questioned  as  to  how  far  the  photographs  might  be 
relied  upon  to  give  the  phase  relation  existing  between  the  excit- 
ing current  and  the  motion  of  the  diaphragm.  There  was  no 
attem])t  made  to  adjust  the  apparatus  so  that  reliable  measure- 
ments might  be  made,  but  the  photographs  give  a  general  idea 
of  the  phase  relation.  According  to  the  ordinary  mechanical 
theory  of  forced  vibrations  the  force  and  the  vibration  ought  to 
be  in  jjhase  when  the  frequency  is  low  compared  to  the  natural 
frequency  of  the  system.  As  resonance  is  approached  the  phase 
of  the  vibration  l)eKins  to  fall  behind  and  when  the  resonance  has 
been  well  passed  the  vibration  lags  half  a  period  behind  the  im- 
pressed force.  In  the  present  case  the  impressed  force  is  that 
due  to  the  magnetization,  which  lags  somewhat  behind  the 
current,  the  amount  of  lag  being  small  for  low  frequencies  and 
increasing  with  the  frequency.  The  vibration  of  the  diaphragm 
ought,  therefore,  to  be  practically  in  phase  with  the  current  at 
the  very  low  frequencies,  then  fall  gradually  behind  as  the  fre- 
quency is  raised,  and  when  the  resonance  point  has  been  well 
passed  it  ought  to  lag  over  h«lf  a  period  behind  the  current. 
Close  scrutin\'  of  the  photographic  reproductions  of  Figs.  3  and  4 
will  show  tliat  the  vibrations  are  in  phase  for  the  low  frequencies, 
and  that  the  vibration  falls  behind  as  resonance  is  approached. 
The  curve  for  1292-^,  to  which  attention  was  called  by  Mr. 
Taylor,  is  beyond  the  resonance  point.  It  seems  to  lag  about 
half  a  period  behind  the  current.  The  lag  between  the  magneti- 
zation and  the  motion  should*,  at  this  frequency,  be  almost  half 
a  period,  and  the  real  lag  between  current  and  vibration  is  prob- 
ably more  than  half  a  period.  The  fact  that  the  photograph 
shows  only  half  a  period  may  be  due  to  lack  of  adjustment.  The 
adjustment  would  have  to  be  quite  good  in  order  to  record  the 
phases  for  the  high  frequencies  with  accuracy. 

In  answer  to  the  ([uestitm  of  Mr.  Flowers  it  may  be  said  that, 
before  the  small  mirror  was  resorted  to,  attempts  were  made  to 
reflect  the  light  directly  from  portions  of  the  diaphragm  by 
silvering  them,  but  even  very  small  areas  of  the  diaphragm 
are  not  optically  true,  and  will  not  give  a  good  image. 
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It  is  well  known  that,  in  time  of  war,  the  army  has  consider- 
able difficulty  in  keeping  up  its  overland  telegraph  lines,  and 
especially  so  if  these  lines  are  operated  on  the  ordinary  Morse 
system  and  with  wet  cells.  In  actual  warfare,  in  the  field,  all 
impedimenta  must  be  reduced  to  a  minimum,  and  consist  of 
as  little  perishable  material  as  possible.  If,  for  example,  it  is 
desired  to  operate  a  closed-circuit  line  of  say  300  miles  in  length 
about  150  gravity  cells  would  be  required,  and  if  the  line  were 
to  be  operated  on  open  circuit  it  would  require  about  100  dry 
oells  per  station.  On  the  other  hand,  induction  telegraphy, 
so-called,  allows  such  a  line  to  be  successfully  operated  with 
from  four  to  six  dry  cells  per  station.  This  fact  and  other  fea- 
tures of  simplicity  which  it  possesses  explain  the  existence  of 
army  field  induction  telegraphy. 

Ordinarily  the  United  States  Army  induction  telegraph  kit 
consists  of  a  polarized  relay,  a  four-ohm  sounder,  key,  induction 
coil,  and  four  dry  cells.  These  instruments  are  installed  in  a 
portable  box  weighing  about  12  pounds.  The  induction  coil 
is  small  and  the  ratio  of  the  winding  of  its  coils  is  as  one  is 
to  one  hundred,  the  primary  coil  consuming  about  12  watts 
at  four  volts.  New  sets  are  being  experimented  with  by  the 
United  States  Signal  Corps  with  a  view  of  simplifying  the 
present  set  by  replacing  the  polarized  relay  and  the  four-ohm 
sounder  by  a  polarized  sounder,  and  as  the  results  obtained  so 
far  have  been  very  successful  it  is  believed  that  a  new  type  of 
Idt  will  soon  be  adopted  somewhat  along  the  lines  described  in 
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this  paper.  The  writer  has  conducted  a  series  of  tests  with 
induction  telegraph  circuits  with  the  object  in  view  of  obtain- 
ing suitable  kits  and  circuits  in  order  that  induction  telegraphy 
may  be  used  more  extensively  in  the  field  than  heretofore,  to 
displace  some,  or  many,  of  the  closed-circuit  lines  which  must 
now  be  used. 

This  paper  will  describe  some  of  the  important  phases  of  single- 
impulse  induced  current  circuits,  and  at  the  same  time  will  also 
indicate  the  instruments  which  the  writer  has  found  to  be  best 
adapted  to  these  circuits.  In  some  cases  these  instnunents 
may  be  advantageously  used  with  other  than  induction  circuits, 
and  instances  of  these  circuits  are  included  in  this  paper. 

It  has  been  deemed  advisable  first  to  outline  briefly  the  op- 
eration of  an  induction  telegraph  circuit.  For  the  sake  of  il- 
lustration only,  suppose  that  it  is  possible  to  construct  an  in- 
duction coil  having  an  efficiency  of  100  per  ceijt.  With  such 
a  coil  as  many  watts  could  be  obtained  from  the  secondary  coil 
as  are  expended  in  the  primary.  As  watts  are  the  product  of 
volts  and  amperes,  and  as  the  voltage  of  the  secondary  coil  to 
that  applied  to  the  primary  coil  is  in  direct  ratio  to  the  number 
of  ttuns  in  each,  it  will  be  evident  that  it  is  possible  to  obtain 
a  small  current  in  the  secondary  circuit  at  high  voltage,  sufficient 
to  operate  a  line,  and  still  do  this  by  drawing  only  a  moderate 
amperage  from  the  battery  in  the  primary  circuit  at  low  voltage. 

Of  course  it  is  known  that  current  in  the  secondary  circuit 
exists  only  while  there  is  an  increase  or  decrease  of  intensity  of 
current  in  the  primary  coil,  and  fiuther,  that  the  direction  in 
which  the  current  flows  in  the  secondary  at  the  closing  of  the 
primary  circuit  is  opposite  to  that  at  the  opening  or  breaking 
of  the  primary  circuit.  Consequently,  in  order  to  operate  a  tele- 
graph relay  or  sounder  by  a  momentary  induced  or  secondary 
current  of  reversed  polarity,  it  is  necessary  that  the -armature 
of  the  instrument  respond  to  direction  of  current  flow,  and 
the  armature  having  thus  responded  it  must  remain  at  rest 
until  a  current  in  the  opposite  direction  passes  through  the 
instrument  and  causes  the  armature  to  reverse  its  position.  In 
other  words,  the  relay  or  sounder  must  be  a  polarized  instrument. 

To  overcome  resistance  of  any  considerable  amount  and  yet 
have  sufficient  current  on  a  line  to  operate  relays,  a  compara- 
tively high  electromotive  force  is  necessary.  One  way  to  obtain 
this  electromotive  force  is  to  use  sufficient  cells  in  series  with  the 
line.     Another  way  is  to  use  an  induction  coil  and  a  few  cells 


mX[  GUILD:  MILITARY    TELEGRAPH  1431 

with  more  frequent  renewals,  (Jrawing  a  heavy  current  from 
these  cells  at  low  voltage  and  increasing  the  voltage  and  decreas- 
ing the  current  in  the  secondary  circuit,  thus  obtaining  enough 
voltage  to  overcome  the  considerable  resistance  of  the  line  and 
sufficient  current  to  operate  polarized  relays.  For  example,  the 
army  field  kit  previously  referred  to  will  operate  well  through  a 
non-inductive  resistance  of  50,000  ohms  with  three  dry  cells, 
and  can  even  be  made  to  operate,  under  favorable  conditions, 
through  100,000  ohms. 

A  type  of  telegraph  sounder  employing  the  well-known  prin- 
ciples of  the  Hughes*  relay  lends  itself  so  readily  to  induction 
telegraph  circuits  that  the  writer  has  used  it  exclusively  in  his 
experiments,  either  as  a  sounder,  main-line  or  local,  or  as  a  relay. 
An  illustration  of  this  instrument  (in  this  case  a  relaying  sounder) 
is  shown  on  Plate  LXXIX. 

Referring  to  this  illustration  it  will  be  noticed  that  the  instru- 
ment is  in  appearance  very  similar  to  the  standard  American 
sounders,  except  that  a  permanent  horseshoe  magnet  of  con- 
siderable strength  is  bolted  at  right  angles  to  the  lower  cores 
of  the  electromagnets,  one  leg  of  the  magnet  to  each  core.  The 
armature  is  a  piece  of  soft  iron.  It  follows  that  this  use  of  the 
horseshoe  magnet  normally  gives  a  certain  polarity  to  the  poles 
of  the  electromagnet  cores.  When  a  current  is  passed  through 
the  electromagnet  coils  it  will  either  increase  or  lessen  the  strength 
of  this  induced  magnetic  polarity,  and  will  cause  the  electromag- 
net cores  to  attract  their  armature  more  strongly  if  the  current 
through  the  coils  is  in  such  direction  as  to  work  in  conjunction 
mth  the  magnetism  of  the  cores  due  to  the  horseshoe  magnet, 
or,  if  the  ciurent  be  in  opposite  direction,  the  magnetic  effect  on 
the  armature  may  be  neutralized,  or  at  least  nearly  so,  allow- 
ing the  spring  to  raise  the  lever. 

The  sounder  is  made  adjustable  so  that  the  lever  will  remain 
up  tmtil  pulled  down,  and  vice  versa.  This  is  termed  **  adjust- 
ing the  sounder  to  its  neutral  position.''  Or  a  bias  can  be 
given  to  the  lever  so  that  it  can  be  pulled  down,  but  when  released 
will  return  to  the  "  up  "  position  (and  conversely).  This  latter 
adjustment  enables  the  sounder  to  be  used  as  an  ordinary  main 
line  (or  local)  ii^trument. 

There  appears  to  be  nothing  that  the  ordinary  sounder  will 
accomplish  that  cannot  be  equally  well  accomplished  with  the 
sounder,  while  on  the  other  hand  the  position  of  the 
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lever  of  the  latter  will  1^  reversed  by  reversals  of  current  flow, 
which  is  not  the  case  with  the  ordinary  sounder.  This  feature 
makes  the  polarized  sounder  desirable  for  the  following  reasons. 

Due  to  the  fact  that  the  sounder  is  polarized  and  may  be  dif- 
ferentially wound,  the  instrument  can  be  readily  duplexed,  re- 
sponding (Fig.  1)  to  a  current  flowing  into  it  from  the  line,  but 
not  responding  (Fig.  2)  to  a  current  flowing  through  it  from  its 
own  station,  i:)rovidcd  R  (non-inductive  resistance)  equals  the 
resistance  of  the  line  and  that  the  capacity  of  the  line  is  also 
balanced  in  accordance  with  the  usual  arrangement  of  duplex 
circuits. 

It  will  respond  to  a  current  flowing  for  an  instant  in  one  direc- 
tion, and  its  annature  will  remain  attracted  (or  repelled)  until 
acted  upon  by  an  instantaneous  current  in  the  opposite  direc- 
tion. Sucli  a  current  would  be  produced  by  the  secondary  coil 
of  an  induction  coil  when  the  primary  circuit  is  made  or  broken. 
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Figs.  1  and  2 


Fig.  3 


It  will  operate  in  the  same  manner  on  certain  lines  in  series  with 
a  condenser,  as  shown  in  this  paper. 

It  can  be  placed  directly  in  the  line  circuit  without  a  relay 
or  a  local  battery,  and  will  give  firm,  readable  signals  similar 
to  those  obtained  in  a  local  circuit,  with  line  currents  of  the 
ordinary  strengtli  used  for  operating  ordinary  relays.  It  gives 
excellent  results  on  underground  lines.  As  it  can  be  adjusted 
to  operate  perfectly  through  a  condenser  it  is  a  valuable  instru- 
ment on  lines  subject  to  disturbances  by  earth  currents. 

Tests  of  this  sounder  seem  to  show  that  it  is  superior  in  action 
to  an  ordinary  main-line  sounder;   that  it  can  be  used  as  a  local 
soimder  with  good  results;  that  it  can  be  operated  equally  wdl   * 
on  closed  or  open  circuit  lines,  condenser  lines,  and  induction 
lines;  that  used  as  a  ])olarized  relay  it  is  very  sensitive. 

The  following  are  a  few  circuits  with  which  the  sounder  can 
be  advantageously  used. 

Fig.  3  shows  the  method  of  connecting  the  soimders  on  simplex 


Relwixo  Rousdeh 


•  • 


•  • 


•  •       •• 


m 
k       • 

»        •        " 

•  •     • 


•    •       •.  , 

•  •    • 

•    •         • 

•        *         • 
•  •   •      • 


1912] 


GUILD:  MILITARY   TELEGRAPH 


1433 


double-current  split  battery  open-circuit  working.  The  sounders 
are  adjusted  to  the  neutral  position,  and  a  double  contact  key  is 
used.  Ten  milliamperes  are  required  to  operate  the  instruments. 
A  switch  to  throw  from  sending  to  receiving  is  shown.  Con- 
densers may  be  placed  in  series  with  the  line  at  a  if  desired. 
In  this  figure  East  is  sending  and  West  is  receiving. 

Fig.  4  represents  a  central  battery  system;  the  battery  CB  \s 
located  at  the  central  station.  The  line  is  taken  from  the  point 
O  through  a  resistance  of  some  two  thousand  ohms,  and  the  first 
set  is  at  the  central  station.  Other  lines  may  be  connected  at 
O  as  shown,  each  one  of  them  being  first  carried  through  two 
thousand  ohms  of  resistance.  Polarized  sounders  are  used  at  the 
central  and  at  the  way  stations,  and  a  two-microfarad  condenser 
is  in  series  with  each  sounder  as  shown,  the  sounders,  condensers, 
and  keys  being  bridged  between  the  line  and  ground. 

The  action  of  this  current  is  as  follows.     When  the  line  is 
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at  rest  the  battery  C  B  charges  all  of  the  condensers  on  the  line, 
then  when  any  one  station,  Station  A  for  example,  depresses  the 
key  a  short  path  to  ground  is  furnished  through  Station  A  for  the 
discharge  of  all  the  other  condensers  on  the  line,  which  actuates 
their  polarized  sounders.  A  path  to  ground  for  battery  C  -B  is 
likewise  furnished  through  Station  A  when  this  station  depresses 
its  key,  hence  the  necessity  for  the  resistance  of  about  two 
thousand  ohms  in  order  that  the  battery  be  not  short-circuited. 
The  soimder  at  Station  A  is  not  affected  by  the  depressing  of  the 
key  at  this  station  because  its  condenser  is  not  discharged.  When 
the  key  at  Station  A  is  raised  all  the  condensers  on  the  line  are 
again  charged,  due  to  the  fact  that  the  path  to  the  ground  is  now 
interrupted. 

This  circuit  operates  nicely,  an  objection  to  it  being,  however, 
that  the  sender  does  not  hear  his  own  instrument  while  sending, 
unless  another  sounder  is  added. 
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The  use  of  the  sounder  with  closed  or  open  circuit  lines  is 
identical  with  that  of  the  ordinary  sounder.  The  use  of  the 
sounder  as  a  repeating  relay  for  repeater  stations  is  shown  later. 
It  is  admirably  suited  to  this  use,  due  to  the  particular  manner 
in  which  it  is  made  and  to  its  sensitiveness.  Most  of  the  cir 
cuits  due  to  the  writer  that  appear  in  this  paper  are  based  upon 
this  use  of  the  sounder. 

Although  the  use  of  this  sounder  with  closed,  open,  and 
condenser  circuits  has  been  briefly  mentioned  in  preceding  pages, 
the  real  purpose  of  this  paper  is  to  deal  with  this  instrument  par- 
ticularly with  reference  to  its  use  with  induced  cturents,  for  it  is 
in  the  field  in  time  of  war  that  this  sounder  excels,  due  to  the 
fact  that  ideal  conditions  of  line  cannot  be  maintained  and  that 
the  transportation  of  means  for  development  of  electrical  energy 
is  a  difficult  problem.  The  ordinary  semi-permanent  lines  and 
field  lines  will  seldom  be  over  300  miles  in  length,  and,  as  will 
be  subsequently  shown,  the  induction  field  set  now  in  use,  or 
one  of  improved  type,  will  operate  over  this  distance  on  three 
dry  cells  without  diffictdty.  If  greater  distance  is  required,  the 
new  sets  devised  by  the  writer  can  be  employed  as  induction 
repeaters,  allowing  induction  telegraphy  to  be  used  over  any 
reasonable  length  of  line  on  three  dry  cells  per  set. 

The  writer  has  devised  two  induction  telegraph  sets  designed 
to  displace  the  induction  telegraph  set  now  used  by  the  Signal 
Corps.  One  of  these  sets  is  intended  for  simplex  working  only, 
and  is  composed  of  the  least  number  of  instruments  possible  for 
efficient  working.  The  other  set  is  more  complicated  and  is  in- 
tendsd  as  a  general  repeater  and  also  as  an  induction  telegraph 
duplex  set.     Both  of  these  sets  will  now  be  described. 

The  simple  set  consists  of  one  polarized  sounder,  one  key. 
one  induction  coil  and  three  dry  cells,  all  suitably  and  compactly 
boxed.  This  set  will  operate  on  simplex  only,  and  has  a  range  of 
about  300  miles  on  a  line  strung  on  poles,  and  will  operate  a  few 
miles  over  a  line  of  bare  wire  laid  on  the  ground. 

Fig.  5  shows  the  circuits  of  this  set. 

5,  battery,  three  dry  cells  connected  in  series. 

Ky  closed-circuit  key  with  switch  removed. 

P,  primary  winding  of  induction  coil,  2-ohm  resistance. 

5,   secondary  winding  of  induction  coil,  200-ohm  resistance. 
P  5,   polarized  sounder,  200  ohms  per  coil. 

The  ratio  of  winding  of  the  induction  coil  is  1  to  100.  The 
illustration  on  Plate  LXXIX  shows  this  simplex  induction  set. 
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ction  of  the  polarized  sounder  (simplex  circuit)  in  either 
nduction  sets  just  mentioned  is  as  follows,  reference 
ade  to  Fig.  6. 

Kgure  represents  a  battery  B,  key  K,  an  induction  coil 
.mary  P  and  secondary  5,  and  a  polarized  sounder  P  S  . 
1  to  the  neutral  position, 

I  the  key  K  is  depressed  the  current  will  flow  through 
lary  coil  in  the  direction  aXoh  and  will  continue  to  flow 
is  released.  While  this  current  is  building  up  in  the  pri- 
m1  an  induced  current  will  flow  in  the  secondary  coil 
y,  a'  U>b'  U)d  through  polarized  sounder  coils  in  series 
1  back  to  a',  and  will  continue  to  flow  until  the  current 
irimary  coil  has  reached  a  maximum,  when  the  current 
icondary  will  cease,  and  the  secondary  coil  then  becomes, 
time  brii^,  totally  independent  of  whether  current  is  or 
lowing  in  the  primary.  Hence  with  the  key  depressed 
may  be  sent  from  the  distant  station  through  the  sounder 


bf- 


Pig.  5 


Fig.  6 


ame  manner  as  could  be  done  were  the  key  not  depressed, 
ows  that  the  key  K  may  be  either  a  closed  or  an  open  cir- 
y,  and  battery  B  may  be  either  wet  cells  or  dry  cells, 
a  current  may  or  may  not  be  flowing  through  the  primary 
itinuously,  and  the  only  effect  on  the  polarized  sounder 
two  cases  is  that  if  the  primary  circuit  is  a  closed  cir- 
!  armature  of  the  sounder  will  be  left  at  rest  on  reverse 
to  that  when  the  primary  circuit  is  an  open  circuit.  Bear- 
;  in  mind  it  is  evident  that  in  all  of  the  induction  circuits 
ibown  the  primary  circuit  may  be  a  closed  circuit  if  de- 
are  merely  being  taken  to  see  thatt  he  battery  is  connected 
primary  coil  with  the  correct  polarity,  and  no  further 
concerning  this  point  need  be  made.  For  the  sake  of  uni- 
and  brevity,  however,  all  induction  circuits  herein  are 
IS  operated  on  open  primary  circuit. 

,  returning  to  the  action  of  the  sounder;  it  will  be  recalled 
en  the  key  Xis  depressed ,  an  Instantaneous  induced  current 
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passes  through  the  sounder  from  a'  to  b'.  This  current,  though 
brief  as  to  length  of  its  duration,  is  sufficient  to  give  enough 
electromagnetism  to  the  sounder's  coils  to  attract  the  armature, 


Fig.  7 — Field  Induction  Telegraph  Repeateb  Set 


which  is  held  attracted  upon  the  disappearance  of  the  secondary 
current  by  the  permanent  magnetism  of  the  sounder's  cores. 
Upon  releasing  the  key  K  the  primary  ctirrent  rapidly  falls 
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TO,  and  while  doing  so  induces  another  momentary 
a  the  secondary  coil  and  circuit.  This  second  induced 
s  now  in  the  direction  opposite  to  that  caused  by  the 
f  key  K,  and  passes  through  the  sounder  coils  in  an 
direction  to  the  former  induced  current.  Depending 
irection,  the  electromagnetic  effect  of  this  current  in 
of  the  sounder  is  either  totally  or  partially  to  neutralize 
t  of  the  permanent  magnetism  of  the  cores,  leaving 
no  induced  magnetism  to  act  upon  the  armature,  and 
ntly  the  spring  on  the  lever  has  time  to  raise  the  lever 
nnature  to  the  "  up  "  position.  In  the  "  up  "  position 
iture  is  too  far  away  from  the  coras  of  the  coils  to  be 
much  by  the  permanent  magnetism  in  them,  and  hence 
e  lever  is  allowed  to  go  up  it  remains  there.     Thus 


ig  and  opening  the  primary  circuit  by  means  of  the  key 

rmature  is  made  to  respond  to  these  actions  and  the 

gives  the  desired  reading. 

:  sounder  operates  on  direction  of  current,  it  will  be 

hat  connecting  the  battery  to  primary  coils  with  reversed 

or  reversing  the  terminals  of  the  secondary  coil  will 

;  effect  of  causing  the  induced  current  to  pass  through 

■ate  the  sounder  reversely. 

ng  the  sounder  as  a  repeating  relay  on  certain  circuits 

ide  of  the  fact  that  current  may  be  passed  through  each 

irately,  the  lever  being  so  adjusted  that  the  armature 

leld  by  the  current  in  but  one  coil. 

lustration  on  Plate  LXXIX  shows  the  imkiction  repeater 


icussing  the   operation   of   the   induction  repeater   set 
1  the  illustration  reference  will  be  made  to  Figs.  7  and  &. 


1438  GUILD:  MILITARY   TELEGRAPH  [June  27 

Fig.  7  shows  the  acttial  wiring  and  apparatus  of  this  repeater 
set  and  Fig.  8  shows  the  wiring  diagrammatically. 
PRSy  polarized  relaying  sounder,  200  ohms  per  coil. 
/,  induction  coil: 

p^  primary  of  induction  coil. 
5,  secondary  of  induction  coil. 
Ry  resistance  box. 
C,  condenser. 

R\  150-ohm  pony  relay  wound  with  No.  34  enameled  wire. 
by  battery,  consisting  of  three  No.  6  dry  cells. 
Ay  double-throw   double-pole  switch  for  reversing  the  di- 
rection of  the  secondary  current  through  the  polar- 
ized sounder. 
By  double-pole   double-throw  switch  for  throwing  from 

simplex  to  duplex,  as  desired. 
C,  double-pole  double-throw  switch  for  reversing  the  direc- 
tion of  the  primary  ciurent  through  the  primary  of  the  induction 
coil.     The  handle  of  the  switch  has  a  slight  lateral  motion  on 
a  horizontal  axis  so  that  as  the  switch  is  being  thrown  by  hand 
a  contact  is  maintained  by  this  handle  in  order  to  keep  the  pri- 
mary circuit  closed  while  the  switch  is  being  reversed.     This 
action  of  the  switch  is  necessary  only  when  the  set  is  used  as 
the  terminal  station  of  a  simplex  induction  line  which  is  repeating 
into  a  closed-circuit  line.     The  switch  thus  serves  to  leave  the 
distant  polarized  rela)dng  sounder  on  proper  contact  when  the 
induction  line  is  finished  working,  in  order  that  the  closed-circuit 
line  will  not  be  left  open  at  the  repeater  station. 
ILy  binding  post  for  induction  line  wire. 
IGy  binding  post  for  induction  ground  wire. 
CL,  binding  post  for  closed-circuit  line  wire. 
CGy  binding  post  for  closed-circuit  ground  wire. 
Xy  contact  point  on  under  side  of  handle  of  switch  C. 
h,  single-pole  single-throw  switch  for  opening  the  line. 
m,  single-pole  single-throw  switch  for  opening  the  primary 
circuit  of  battery  b  to  prevent  its  being  closed  by  relay  armature 
when  relay  is  not  in  use. 

The  induction  repeater  set  just  referred  to  is  so  constructed 
that  it  may  always  be  ready  for  use  on  the  following  circuits, 
by  merely  throwing  certain  switches: 

As  the  terminal  station  of  a  simplex  induction  line. 
As  the  terminal  station  of  a  duplex  induction  line. 
As  the  repeater  station  of  a  simplex  induction  line  repeating  into  a 
simplex  closed-circuit  line,  one  set  used  at  the  repeater  station. 
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As  the  repeater  station  of  a  simplex  induction  line  repeating  into  an 
open-circuit  line,  one  set  used  at  the  repeater  station. 

As  the  repeater  station  of  a  simplexinduction  line  repeating  into  an- 
other simplex  induction  line,  two  sets  being  used  aPthc  repeater  station. 

By  using  the  instruments  of  the  set  and  slightly  altering  the 
wiring  these  sets  may  be  used  as  follows: 

As  the  terminal  or  intermediate  station  of  a  closed -circuit  line,  simpler. 

As  the  repeater  station  of  a  simplex  closed -circuit  tine  repeating  into 
another  simplex  closed -circuit  hne.  two  sets  used  as  repeater. 

As  the  repeater  station  of  a  simplex  closed -circuit  line  repeating  into 
a  simplex  open-circuit  line,  two  sets  used  as  repeater. 

As  the  repeater  station  of  a  simplex  open-circuit  hne  repeating  into  an- 
other simplex  open-circuit  line,  two  sets  used  as  repeater. 

The  following  is  a  brief  description  of  the  various  circuits 
included  in  the  repeater  induction  kit  to  which  reference  has 
just  been  made. 

Fig.  9  illustrates  the  operation  of  a  simplex  induction  circuit 
using  a  polarized  sounder. 


This  figure  is  the  terminal  station  of  a  simplex  induction  line. 
On  depressing  the  key  K  of  this  station  a  secondary  current 
is  caused  to  flow  through  the  polarized  sounders  of  this  and  the 
distant  station,  causing  the  armatures  of  these  sounders  to  be 
actuated.  As  these  sounders  have  been  adjusted  to  the  neutral 
position  the  armattu-es  remain  attracted  at  the  cessation  of  the 
secondary  current.  On  opening  the  primary  circuit  by  means 
of  the  key  K  another  secondary  current  in  the  opposite  direction 
is  caused  to  flow  through  both  sounders,  allowing  them  to  release 
their  armatures,  which  armatures  remain  released  at  the  ces- 
sation of  this  secondary  current.  Either  station  may  break 
by  opening  the  switch  h. 

Fig.  10  illustrates  the  theory  of  one  terminal  station  of  a 
duplex  induction  line,  using  a  polarized  sounder. 

R  and  C  arc  artificial  line  resistance  and  capacity  respectively, 
and  the  secondary  current  induced  by  the  closing  of  the  ksr^ 
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K  divides  equally  through  the  differentially  wound  coils  of  the 
sounder  and  does  not  actuate  its  armature,  but  the  portion  of 
this  induced  cun^nt  that  goes  out  on  the  line  does  actuate  the 
distant  sounder  as  it  does  not  divide  through  the  coils  of  that 
sounder.  In  the  same  manner  the  distant  station  may  operate 
this  station *s  soimder  without  interfering  with  its  own,  and  the 
line  becomes  an  induction  duplex.  One  feature  of  this  duplex 
circuit  that  should  commend  it  is  the  fact  that  the  resistance  and 
capacity  of  the  artificial  line  need  only  approximate  that  of  the 
line;  the  instruments  will  operate  perfectly  on  a  considerable 
discrepancy  between  the  two  lines,  the  real  and  the  artificial. 
The  experiments  that  the  writer  has  had  an  opportunity  to 
conduct  with  this  circuit  seemed  to  show  that  it  makes  little 
or  no  difference  whether  the  resistance  of  the  line  is  increased 
or  decreased  within  reasonable  limits,  limits  such  as  would  ordi- 
narily affect  the  closed-circuit  duplex  quite  seriously. 


WEST 


iNOyCTiOM  i.i»« 


Fig.    11 


Figs.  11  and  12  illustrate  the  theory  of  an  induction  to  an  in- 
duction repeater. 

The  repeater  station  is  composed  of  two  induction  repeater 
sets,  X  and  F,  battery  b'  "being  of  the  closed  circuit  type.  The 
terminal  stations  are  each  composed  of  one  of  these  repeater 
sets,  with  switches  thrown  to  "  duplex  *'  but  in  reality  operating 
as  simplex  sets.     This  is  accomplished  as  follows. 

West  is  sending — the  make  and  break  of  the  primary  current 
at  West's  station  induces  a  secondary  current  through  West's 
polarized  sounder,  and  this  current  divides  through  the  coils  of 
this  sounder,  thus  not  operating  it.  The  portion  of  the  induced 
current  that  goes  to  line  passes  through  the  coils  of  the  polarized 
relaying  sounder  X  in  multiple  and  operates  X,  causing  the  lever 
of  X  to  rise  when  West's  key  is  depressed.  The  rising  of  the 
lever  of  X  opens  the  circuit  of  battery  b'  and  causes  pony  relay 


1912] 


GUILD:  MILITAkY   TELEGRAPit 


1441 


R'  to  release  its  armature.  This  causes  current  to  flow  through 
the  primary  of  X^s  induction  coil  and  sends  an  induced  current 
through  the  polarized  sounder  of  X  dividedly,  not  operating  this 
sounder,  but  the  portion  that  passes  to  line  does  operate  the 
distant  West  sounder.  Hence  as  West  sends  he  hears  his  own 
sounder  operate,  with  perhaps  a  very  slight  drag,  but  not  enough 
to  be  bothersome. 

Returning  now  to  the  repeater  station — the  raising  of  the 
lever  of  X's  sounder,  as  has^een  stated,  breaks  the  circuit  from 
battery  b\  This  causes  R2  to  release  its  armature  and  the 
operation  just  described  for  X  occurs  with  F,  and  the  distant 
East  sounder  is  operated,  the  contact  of  Y  being  closed  all  of 
the  time  due  to  the  dividing  of  the  current  through  F's  coils 
equally.  East  may  break  by  closing  his  key.  This  causes  the 
induced  ciurent  from  East's  station  to  release  F*s  lever  and  open 
the  battery  of  battery  V  at  F's  contact,  and  the  armattires  of 


REPEATER 


STATION 


<-WE8T 
INDUCTION  UNE 


EAST-*. 
INDUCTIOH  UNE 


Fig.   12 


both  pony  relays,  Ri  and  Ro,  close  the  circuits  for  batteries  b. 
These  contacts  remain  closed  as  long  as  East's  key  is  closed, 
and  West's  sounder  becomes  and  remains  silent.  Before  West 
can  read  East  he  must  close  the  contact  on  the  polarized  relaying 
sounder  X.  This  is  done  by  means  of  the  switch  C  described 
in  the  discussion  of  Fig.  8. 

It  is  not  necessary  that  the  West  and  East  stations  be  wired 
as  for  duplex  as  shown  in  Fig.  11,  but  if  open-circuit  cells  are 
used,  as  they  would  be  in  army  field  kits,  this  manner  of  wiring 
is  necessary.  If,  however,  closed -circuit  cells  are  used  at  these 
terminal  stations,  the  simplex  wiring  shown  in  Fig.  9  will  suffice, 
a  closed  primary  circuit  being  used.  Of  course  the  latter  would 
be  much  the  simpler  method. 

Fig.  12  differs  from  Fig.  11  only  in  the  manner  in  which  the 
pony  relays  of  the  repeater  sets  are  connected  to  their  closed- 
circuit  batteries.     Only  the  wiring  of  the  repeater  slaXiotv  Ss 
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here  given,  the  wiring  of  the  terminal  West  and  East  stations 
being  the  same  as  that  given  in  Fig.  11. 

Fig.  12  operates  in  much  the  same  manner  as  just  described 
for  Fig.  11  except  that  when  West  is  sending,  his  own  sounder 
remains  silent  and  operates  when  East  breaks,  for  in  this  case 
West's  sounder  can  be  Operated  only  by  the  contact  of  Y  being 
opened  and  closed.  East  may  break  in  either  of  these  two 
methods  of  wiring  by  merely  opening  his  line  switch.  This 
destroys  the  balance  of  the  line  for  the  Y  set  of  the  repeater 
station,  and  in  the  first  case  West  fails  to  hear  his  own  sounder 
when  he  should  hear  it  if  East  had  not  broken,  and  in  the  second 
case  the  opposite  obtains. 

The  choice  of  these  two  circuits  depends  on  what  is  desired. 
For  instance,  Fig.  11  is  the  better  circuit  if  the  terminal  stations 
are  to  be  wired  for  duplex  operation  (using  dry  batteries)  and 
if  there  is  only  one  repeater  station  on  the  line.     Fig.  12  must 


REPLATER  STATION 


INDUCTION  LINE 


EAST 
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Fig.  13 


be  used  if  there  is  more  than  one  repeater  station  on  the  line. 

Fig.  13  illustrates  the  theory  of  an  induction  to  closed  circuit 
repeater. 

As  described  for  Fig.  11,  the  polarized  relaying  sounder  of 
the  repeating  set  does  not  operate  when  East  is  sending.  When 
West  closes  his  key  he  causes  the  polarized  rela)dng  sounder  of 
the  repeater  station  to  operate,  thus  breaking  and  closing  East's 
closed-circuit  line  at  the  contact  point  on  the  polarized  relaying 
soimder  of  the  repeater  set.  This  has  exactly  the  same  effect 
on  West's  sounder  as  described  for  the  operation  of  Fig.  11,  and 
West  hears  his  sounder  as  long  as  East  does  not  break.  When 
East  sends  to  West  the  former  opens  his  closed-circuit  line  at  his 
key  and  consequently  allows  the  pony  relay  K  of  the  repeater 
station  to  release  its  armattire  and  send  an  induced  current  over 
the  line  to  operate  West's  soimder,  at  the  same  time  not  inter- 
fering with  the  position  of  the  lever  of  the  polarized  relaying 
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sounder  of  the  repeater  station.  West  may  break  East  by  de- 
pressing his  key  or  by  opening  the  line.  West  must  leave  the 
lever  of  the  polarized  relaying  sounder  of  the  repeater  station 
on  down  contact  when  through  working.  This  is  accomplished 
by  means  of  the  switch  C  previously  referred  to.  As  in  Fig.  11, 
it  is  the  "  back  kick  '*  of  the  repeater  station  that  operates 
West's    sounder. 

The  arrangement  of  circuits  and  apparatus  shown  in  Fig.  13 
is  operative  on  a  line  where  there  is  only  one  repeater  station 
on  the  line,  but  where  a  closed-circuit  line  repeats  into  an  in- 
duction line  and  this  line  in  tiun  repeats  into  another  induction 
line  the  wiring  given  in  Fig.  13  will  not  operate,  and  the  repeater 
station  must  be  wired  in  accordance  with  the  arrangement  shown 
in   Fig.    14. 

Fig.  14  illustrates  the  theory  of  an  induction  to  closed  circuit 
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repeater,  the  repeater  station  only  being  given.  The  terminal 
stations  are  shown  in  Fig.  13.  It  will  be  noticed  that  a  150- 
ohm  pony  relay  is  employed  in  this  circuit  as  in  the  others, 
but  that  it  is  shunted  with  40  ohms  resistance.  This  is  done 
merely  to  retain  the  instruments  composing  the  induction  re- 
peater  set.  This  relay  might  be  a  20-ohm  relay  and  in  this 
case  it  would  not  be  shunted,  and  the  battery  b  might  be  reduced 
in  voltage. 

This  circuit,  Fig.  14,  is  composed  of  the  induction  wiring  for 
duplex  for  the  left  half  of  the  repeater  set,  while  the  right  half 
utiUzes  the  individual  coils  of  the  polarized  sounder  separately. 
The  battery  b'  may  be  either  of  the  closed  or  open  circuit  type. 
In  this  circuit  it  is  supposed  to  be  the  latter,  consequently  the 
armature  of  Y  is  given  a  natural  bias  that  will  cause  it  to  re- 
main normally  on  down  contact  but  the  presence  of  a  current  in 
either  one  of  its  coils  will  allow  the  spring  to  draw  it  upwatd. 
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If  battery  b'  were  a  closed-circuit  battery  the  armature  of  Y 
would  be  adjusted  reversely.  The  operation  of  this  repeater 
requires  that  X  shall  remain  unaffected  while  East  is  sending 
and  that"  Y  shall  remain  unaffected  while  West  is  sending.  The 
method  whereby  the  former  is  accomplished  has  already  been  dis- 
cussed for  other  repeaters,  and  it  remains  only  to  show  how  F  re- 
mains silent  when  West  sends.  The  closed-circuit  line  is  brought 
into  Y  at  post  4  and  passes  through  one  coil  of  the  polarized  relay- 
ing sounder,  leaving  that  coil  at  post  2  and  passing  to  ground 
through  the  armature  of  the  pony  relay  R\  As  long  as  the  arma- 
ture of  X  is  closed  battery  b  discharges  current  through  the  pony 
relay  R\  and  holds  the  armature  of  this  relay  closed,  and  as  the  cir- 
cuit from  a  through  the  contact  points  of  X  to  c  is  practically 
short-circuited  no  appreciable  current  will  flow  through  the  left 
coil  of  F  as  long  as  contact  at  X  remains  closed;  hence  the  arm- 
ature of  F  will  be  affected  by  the  presence  or  absence  of  current 
in  the  right  coil  of  F  only. 

As  East  opens  the  closed-circuit  line  he  removes  current  from 
this  right  coil,  and  the  armatiu*e  of  F  being  no  longer  drawn  up 
by  current  in  F,  as  stated,  this  armattire  goes  to  down  position 
and  closes  the  circuit  of  ft'  and  causes  an  induced  current  to 
flow  over  the  West  induction  line  and  throws  West*s  sounder  to 
up  contact.  Therefore  as  East  closes  and  opens  his  key  he 
causes  West's  sounder  to  respond.  On  the  other  hand  when  West 
sends  he  causes  the  left  polarized  relaying  sounder  X  to  operate 
and  when  X  releases  its  armatiu*e  it  removes  the  low-resistance 
shunt  from  around  the  left  coil  of  the  polarized  relaying  sounder 
F  and  battery  b  now  discharges  current  into  this  left  coil  which 
keeps  the  armature  of  F  up.  At  the  same  time  the  armature  of 
the  pony  relay  R'  is  released,  due  to  the  fact  that  its  spring  is 
so  adjusted  that  when  the  contract  of  X  is  closed  the  battery 
b  gives  i?'  sufficient  current  to  attract  its  armature,  but  when 
the  contact  of  X  is  open  and  the  resistance  of  the  200-ohm 
coil  of  Fis  added  to  that  of  R'  the  current  from  battery  b  is 
not  sufficient  to  hold  the  armature  of  R\  The  opening  of 
R'  opens  the  closed-circuit  line  at  this  point  and  consequently 
operates  East's  sounder  accordingly.  It  will  be  evident  that 
care  must  be  exercised  to  see  that  the  main  line  battery  of  the 
closed-circuit  line  and  the  local  battery  6  are  connected  to  F  with 
the  correct  polarity  to  cause  F's  armature  properly  to  respond 
to  current  in  either  of  the  coils  of  F.  The  spring  of  R'  must  be 
so  adjusted  that  the  armatiu*e  of  R'  will  remain  closed  on  the 
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strong  current  but  will  be  released  on  the  weak  current  passing 
through  the  relay  R'.  This  is  amply  sufficient  to  eliminate  the 
necessity  for  a  fine  adjustment  of  relay  R'. 

Fig.  15  illustrates  the  theory  of  the  induction  to  open  circuit 
repeater. 

As  this  circuit  differs  very  little  from  the  theory  of  the  induc- 
tion to  closed  circuit  repeater  given  in  Fig.  13  it  is  not  considered 
necessary  to  discuss  its  opera- 
tion. 

Fig.  16  illustrates  the  theory 
^'  '  of  the  open  circuit  to  open  cir- 
'■■         cuit  repeate/. 

This  is  the  theory  of  an  open 
circuit  to  open  circuit  repeater 
l..j^     |.  given   in    Mavcr's    "American 

Telegraphy,"  except  that  polar- 
ized relaying  sounders  £ire  used  in  place  of  ordinary  relays. 
When  West  puts  battery  to  line  he  causes  the  right  pony  relay 
R*  to  close  its  armature.  This  closes  the  local  battery  circuit 
of  b'  and  closes  the  armature  of  Y,  which  in  turn  puts  battery 
to  the  East  line  and  operates  East's  sounder.  East  may  break 
only  by  operating  his  key  and  interfering  with  West's  sending. 
Fig.  17  illustrates  the  theory  of  the  closed  circuit  to  open 


circuit  repeater  that  de[>ends  for  its  action  on  the  employment 
of  a  polarized  relaying  sounder. 

The  instruments  composing  this  repeater  are  one  polarized 
relaying  sounder,  one  150-ohm  relay  and  one  20-ohm  relay. 

The  closed -circuit  main  line  battery  C  B  normally  holds  the 
annature  of  the  polarized  relaying  sounder  on  down  contact. 
The  breaking  of  this  circuit  throws  this  armature  to  up  contact 
(by  means  of  the  upward  bias  previously  given  to  tti.ft  \tNet'^ 
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and  puts  the  open-circuit  main  line  battery  OB  to  the  open-cir- 
cuit line  unless  the  contact  of  relay  B?  has  been  broken,  as  would 
be  the  case  if  West  were  sending  to  East,  for  then  the  short 
circuit  (the  armature  of  F?)  has  been  removed  from  the  local 
battery  b  and  this  battery  now  furnishes  current  to  the  polarized 
relaying  sounder  as  well  as  to  R}  and  holds  the  polarized 
relaying  sounder's  armature  down,  but  releases  the  armature 
of  iJ^due  to  the  fact  that  i?^will  hold  its  armature  only  when 
battery  L  B  has  been  short-circuited  by  means  of  the  armature  of 
iP;  the  releasing  of  armature  R^  opens  East's  line.  It  must  be 
remembered  that  the  West  line  normally  has  no  current  in  it, 
hence  the  armature  of  R^  is  normally  on  released  contact  as 
shown.  The  only  way  East  may  break  West  is  to  interfere 
with  West's  sending,  but  West  may  break  East  in  the  ordinary 
manner.  This  repeater  may  be  quite  coarsely  adjusted  and 
yet  give  excellent  residts. 


-WEST 


OPEN  CIRCUIT 
UNE 


EAST— ». 

cu)»ED  gwcurr 

UNE 


C.B.3: 


Fig.  17 


Fig.  18  illustrates  the  theory  of  the  closed  circuit  to  closed 
circuit  repeater  using  polarized  relaying  sotmders. 

It  will  be  noticed  that  two  150K)hm  relays  shunted  with  40 
ohms  resistance  are  used.  This  is  only  to  allow  the  instrtunents 
in  the  writer's  induction  repeater  set  to  be  employed;  in  prac- 
tise it  would  be  better  to  employ  two  20-ohm  relays  in  place  of 
the  150-ohm  instruments. 

It  will  also  be  noticed  that  the  armature  of  X  is  a  shunt  to 
relay  Fand  likewise  the  armature  of  X'  is  a  shunt  to  Y'.  This 
repeater  operates  on  the  principle  described  for  the  one  half  of 
Fig.  14  and  it  is  therefore  not  deemed  necessary  to  describe  its 
action  more  fully.  However,  as  the  setting  up  of  this  repeater 
is  apt  to  give  trouble  to  one  not  familiar  with  its  operation,  the 
method  of  doing  so  is  here  given. 

Adjust  the  armatures  of  X  and  X'  so  that  they  will  normally 
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remain  on  up  contact,  or  stop,  when  no  current  is  in  either  coil, 
but  will  ht  readily  attracted  by  a  current  of  from  20  to  40  milli- 
amperes  flowing  in  one  coil.  Bring  West  line  to  post  1,  connect 
post  3  with  b'y  g\  and  battery  h\  to  ground.  This  should  cause 
the  armature  of  X  to  be  attracted  or  released  as  contact  is  made 
or  broken  at  6;  if  X  acts  reversely  transfer  wires  at  posts  3  and 
1  or  change  the  polarity  of  the  main  line  battery  W. 

Do  the  same  with  X'  if  necessary.  Assuming  the  proper 
connections  to  be  as  in  the  figure,  temporarily  disconnect  West  and 
East  lines  from  posts  1  and  4  respectively.  Wire  in  relay  Y 
as  follows:  relay  to  d,  to  a,  to /,  c to  1,  and  to  relay.  If  a  150- 
ohm  relay  is  used,  shunt  with  40  ohms  as  shown.  Now  dose 
and  open  armatiu*e  X  contact  at  /  and  adjust  relay  Y  armature 
so  that  it  will  just  respond  to  the  closing  and  opening  of  /.     Do 


40  OHM  40  ONMt 


I 


I 


Fig.  18 


the  same  with  relay  Y',  Now  see  that  contacts  at  /  and  /'  are 
broken  and  kept  broken  temporarily  and  wire  a  to  3'.  This 
connection  should  cause  armature  of  X'  to  close  and  remain  closed 
but  should  not  close  relay  Y  armature.  If  X'  armatiu*e  is  re- 
pelled instead  of  attracted  reverse  the  polarity  of  battery  d. 
Close  and  open  armature  of  X,  This  should  cause  the  armature 
of  X'  to  open  and  close,  and  the  armature  of  Y  to  close  and  open. 
Now  disconnect  wire  at  3'  for  a  moment  and  see  that  armatxire 
of  X'  is  up.  Wire  a'  to  2.  This  should  attract  armature  of  X 
but  not  that  of  relay  F'.  If  it  repels,  reverse  the  polarity  of 
battery  d'.  Now  close  and  open  the  armature  of  X'.  This 
should  open  and  close  the  armature  of  X,  and  dose  and  open 
the  armature  of  relay  Y\  Now  connect  all  disconnected  wires 
(at  1,  4',  and  3')  and  repeater  should  operate. 
The  writer  advocates  the  use  of  the  polarized  sounder  exclu- 


1448  GUILD:  MILITARY   TELEGRAPH  [June  27 

sively  on  all  Army  Signal  Corps  land  lines  in  time  of  war,  and 
believes  that  this  sounder  has  widened  the  possible  scope  of 
induction  telegraph  circuits  for  the  more  advanced  lines  in  the 
presence  of  the  enemy,  the  closed-circuit  system  being  used  on 
only  such  lines  as  may  be  considered  permanent  lines.  Con- 
sequently the  writer  has  endeavored  to  produce  a  telegraph 
field  set  that  will  meet  every  possible  telegraphic  condition 
likely  to  be  encountered  by  troops  in  the  field.  This  set  must 
be  compact  in  size,  contain  few  instruments,  be  simple  in  opera- 
tive principle  and  easy  and  ready  of  adjustment. 

It  follows  that  such  a  set  must  combine  the  closed  circuit 
and  induction  telegraph  features.  It  must,  either  alone  or  in 
conjunction  with  a  duplicate  set,  be  able  to  repeat  from  any  one 
kind  of  a  simplex  line  into  another  kind,  in  order  that  a  partially 
destroyed  line  can  be  hastily  "  patched  "  or  extended.  It  is 
not  necessary,  however,  that  such  a  set  be  used  on  duplex  or 
quadruplex,  as  such  lines  cannot,  as  field  lines,  be  well  main- 
tained in  time  of  war.  On  the  other  hand,  an  induction  tele- 
graph line  of  this  type  may  be  easily  duplexed,  consequently 
it  would  be  advantageous  to  have  such  a  set  capable  of  being 
used  as  a  terminal  station  of  a  duplex  induction  line. 

Hence  it  will  be  seen  from  the  foregoing  that  the  set  fulfills 
practically  all  the  requirements  of  a  station  set  for  virtually 
any  kind  of  a  military  telegraph  line  that  might  be  employed 
by  armies  in  time  of  war. 

In  order  to  accomplish  these  results  the  writer  determined 
upon  the  necessary  instruments  to  use  with  such  a  set,  then  he 
adapted  well-known  circuits  to  these  instruments  wherever  this 
was  possible,  and  where  not  possible  he  either  altered  these  cir- 
cuits to  fit  the  instruments  used,  or  devised  new  circuits  to 
accomplish  the  desired  results. 

Acknowledgment  is  therefore  due  the  British  Insulated  and 
Helsby  Cable  Company  for  the  circuit  shown  in  Fig.  3;  to 
Mr.  Stephen  Dudley  Field  for  the  circuit  shown  in  Fig.  4; 
to  Mr.  William  Maver,  Jr.,  in  his  "  American  Telegraphy," 
for  the  circuit  shown  in  Fig.  16,  which  has  been  slightly  altered 
by  the  writer;  and  to  Major  Edgar  Russel,  U.  S.  Signal  Corps, 
for  valuable  assistance  given  the  writer  in  some  of  his  experi- 
ments with  these  circuits.  The  other  circuits  in  this  paper  are 
believed  to  be  original  circuits.  Of  course  no  originality  is 
claimed  for  the  principle  of  operation  of  an  induction  telegraph 
circuit. 


A  papgr  prestnUd  at  the  29th  Annual  Con- 
vention of  the  American  Institute  of  BXectrical 
Engineers,  Boston,  Mass.,  June  28,  1912. 

Copyright,  1912.    By  A.  I.  B.  E. 


MEASURING  STRAY  CURRENTS  IN  UNDERGROUND 

PIPES 


BY  CARL  HERING 


The  measurement  of  stray  electric  currents  flowing  through 
buried  conductors,  such  as  pipes,  and  generally  originating  from 
an  electric  railroad  or  other  grounded  system  of  electric  distri- 
bution, is  attended  with  various  diflSculties,  particularly  in  the 
determination  of  the  current  which  enters  or  leaves  the  under- 
ground pipe  through  the  surroundiag  earth,  and  as  it  is  the  cur- 
rent which  leaves  a  pipe  in  this  way  that  corrodes  it  electro- 
lytically  it  becomes  important  to  be  able  to  locate  and  measure 
that  current.  Another  important  measurement  is  to  identify 
the  original  source  of  the  stray  current. 

The  purpose  of  the  present  paper  is  to  describe  several  methods 
which  the  writer  devised  some  years  ago,  for  making  these  meas- 
urements, and  which  he  used  with  success  at  that  "time  in  a  prac- 
tical case.  The  present  description  is  published  with  the  per- 
mission of  the  party  for  whom  the  measurements  were  made. 

One  of  the  .problems  given  to  the  writer  was  to  measure  the 
ciurents  in  a  pipe  and  to  locate  and  measure  the  currents  leaving 
it  through  the  earth,  by  methods  which  were  positive  and  not 
based  on  any  questionable  assumptions,  and  the  results  of  which 
could  be  used  as  reliable  evidence  in  court.  Another  was  to 
identify  the  source  of  the  stray  currents  flowing  in  pipes  so  as  to 
establish  the  responsibility  for  them  in  legal  proceedings.  The 
methods  therefore  had  to  be  unquestionably  correct,  and  free 
from  any  questionable  assumptions. 

The  usual  method  which  consists  in  measuring  the  drop  of 
potential  in  millivolts  between  two  fixed  points  on  one  length  of 
pipe  exposed  for  that  purpose,  and  then  calculating  the  current 
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from  an  assumed  resistance  of  the  pipe,  would  not  answer  the 
requirements,  as  the  resistance  of  the  pipe  is  a  mere  asstimption 
which  may  be  far  wrong,  even  when  based  on  measurements  of  other 
presumably  similar  pipes  before  they  are  laid.  A  little  thought 
will  show  that  such  a  test  at  best  is  only  a  crude  one  and  the 
results  would  not  be  likely  to  stand  the  usual  attacks  in  court 
proceedings.  Even  though  many  pipes  may  have  been  measured 
before  laying  and  found  to  agree  fairly  well,  there  is  always  the 
uncertain  factor  of  the  wall  thickness  of  that  particular  piece 
of  pipe  in  service  on  which  the  drop  of  potential  was  taken.  It 
is  customary  for  instance  in  laying  water  pipes  over  a  rolling 
country  to  use  varying  thicknesses  as  the  pipe  crosses  a  valley 
or  a  hill,  and  it  is  of  course  impossible  for  the  one  making  the 
electric  tests  to  measure  this  thickness  himself.  Drilling  through 
or  cutting  the  pipe  was  not  permitted,  as  it  was  in  service. 

The  method  of  using  the  academically  interesting  ground  cur- 
rent detector,  for  measuring  the  current  passing  through  a  definite 
cross-section  of  the  ground  near  the  pipe,  was  also  excluded,  as 
it  involves  disturbing  the  very  conductor  through  which  the 
current  had  been  flowing,  as  also  the  assumption  that  the  dis- 
tribution of  this  current  in  the  grotmd  is  um'form,  which  is  not 
only  not  likely  but  highly  improbable;  in  any  case  it  is  based  on 
mere  assumptions,  and  is  therefore  not  positive  and  direct. 

A  magnetometer  method  was  tried  by  suspending  over  the  top 
of  the  exposed  pipe  an  astatic  couple  having  a  long  distance 
between  the  two  needles;  the  lower  needle  was  brought  to  a 
fixed  distance  from  the  outside  of  the  pipe,  hence  within  the  field 
produced  by  the  current  in  the  pipe,  while  the  other  was  far 
enough  away  to  be  practically  outside  of  that  field.  The  sys- 
tem will  then  tend  to  place  itself  perpendicular  to  the  pipe,  hence 
by  bringing  it  parallel  to  the  pipe  by  means  of  a  torsion  wire  or 
a  ciurent  in  a  neighboring  coil,  a  measure  of  the  external  magne- 
tic field  and  therefore  of  the  internal  current  is  obtained.  This 
would  be  an  extremely  simple  method,  but  it  was  fotmd  that  the 
magnetic  field  around  such  a  pipe  was  extremely  irregular,  the 
surface  of  the  pipe  showing  numerous  irregularly  distributed 
poles;  it  was  therefore  also  abandoned. 

After  trying  out  numerous  other  methods  the  following  were 
found  to  be  the  best  and  were  the  ones  actually  used. 

The  fundamental  principle  is  as  follows.  Let  P,  Fig.  l,be 
a  part  of  an  underground  pipe  which  has  been  uncovered  and 
through  which  an  unkown  cturent  /  is  flowing  as  shown ;  at  first 
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let  it  be  supposed  that  this  airrent  is  steady,  and  of  course  a 
direct  current.  Let  Z>  be  a  sensitive  galvanometer,  millivolt- 
meter  or  any  other  form  of  detector  of  small  differences  of  poten- 
tial, connected  as  shown ;  there  should  preferably  be  no  variable 
resistance  like  an  unbonded  pipe  joint  between  the  two  contact 
points.  Let  A  be  an  ammeter,  B  a  few  cells  of  accumulators  and 
R  an  adjustable  resistance ;  the  shunt  circuit  containing  them  is 
connected ,  as  shown,  anywhere  outside  of  the  points  of  application 
of  the  voltage  detector,  the  farther  away  the  better — they  may 
even  be  on  the  other  side  of  a  joint. 

To  find  the  current  flowing  in  the  pipe  adjust  the  resistance  R 
until  D  reads  zero;  then  there  will  no  longer  be  any  current 
flowing  in  the  shunted  part  of  the  pipe,  hence  the  reading  of  the 
ammeter  will  give  the  current  /  in  the  pipe.  The  current  may  be 
said  to  have  been  sucked  out  of  the  pipe  by  the  battery,  and  made 
to  flow  through  the  ammeter,  where  it  can  be  measured;  as  far 


Fig.  1 

as  the  current  in  that  short  section  is  concerned  the  pipe  circuit 
has  in  effect  been  electrically  cut  in  two  as  though  an  insulating 
joint  had  been  introduced. 

If  Z)  is  a  galvanometer  with  proportionate  deflections,  instead 
of  a  mere  detector,  then  by  taking  a  deflection  immediately  after 
the  shunt  circuit  has  been  opened  a  reading  proportionate  to  the 
drop  of  voltage  for  that  current  will  be  obtained.  The  instru- 
ment D  is  thereby  calibrated  to  read  the  pipe  currents  directly  and 
can  be  used  for  this  purpose  thereafter;  the  test  with  the  battery 
current  is  therefore  merely  of  the  nature  of  a  preliminary  cali- 
bration, and  need  be  carried  out  only  once  for  each  station. 

If  in  addition  this  voltage  instrument  is  calibrated  to  read 
directly  in  volts  (usually  in  terms  of  milli-  or  microvolts  as  for 
instance  a  milli  voltmeter,)  then  if  the  deflection  reduced  to 
millivolts  is  divided  by  the  current  it  will  give  the  resistance  of 
the  pipe  in  milli  ohms  between  the  two  points  of  application  of 
the  voltmeter;  hence  it  enables  the  true  resistance  of  the  pipe 
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to  be  measured.  The  distance  between  the  two  contact  points 
is  best  made  an  exact  number  of  feet,  which  standard  length  is 
then  preferably  kept  the  same  for  the  whole  series  of  tests  on  that 
line  of  pipes.  From  the  resistance  per  foot  obtained  from  tables 
a  rough  check  of  the  measured  result  may  be  obtained. 

In  most  cases  it  is  advisable  to  make  these  connections  for  the 
voltmeter  permanent  and  to  bring  wires  from  them  to  the  surface 
before  filling  in  the  hole  (being  careful  to  mark  one  of  them  with 
a  knot) ,  for  having  once  obtained  the  constant  from  this  test  with 
care,  the  current  in  the  pipe  can  be  measured  any  time  thereafter, 
correctly  and  very  simply  with  a  mere  millivoltmeter.  The 
most  convenient  form  of  this  constant  is  the  amperes  per  millivolt, 
which  is  numerically  equal  to  the  conductance  in  kilomhos. 

The  current  which  leaves  or  enters  a  pipe  between  any  two 
points  or  stations  can  then  be  determined  by  making  this  cali- 
bration at  each  of  the  two  stations  and  then  taking  simultaneous 
readings  of  the  currents  in  the  pipe  at  the  two  stations  with  two 
millivoltmeters  or  calibrated  galvanometers;  the  difference 
between  these  currents  will  then  show  the  amount  of  this  cur- 
rent, and  whether  it  is  leaving  or  entering. 

This  becomes  possible  by  this  method  because  it  is  a  positive 
one,  involving  no  questionable  assumption,  and  because  the 
measurements  can  be  made  with  all  necessary  accuracy,  if  one 
has  sufficiently  sensitive  and  reliable  instruments; it  can  therefore 
be  depended  upon  to  measure  the  current  with  sufficient 
accuracy  at  two  neighboring  stations  so  that  the  difference  between 
the  readings  gives  a  reliable  measurement  of  the  entering  or  leav- 
ing ciurent.  If  the  pipe  current  measurements  were  dependent, 
as  they  often  are  by  the  older  method,  on  an  assumed  pipe 
resistance,  such  a  measurement  based  on  taking  the  difference 
between  two  currents  would  not  be  permissible,  as  the  probable 
error  would  be  so  great  that  the  results  might  even  make  it  appear 
that  the  current  was  entering  when  it  was  in  fact  leaving  the 
pipe. 

In  this  method  shown  in  Fig.  1  there  shojild  be  no  current 
leaving  or  entering  the  pipe  between  the  points  of  application 
of  the  shunt,  hence  the  hole  should  be  free  from  water  and  there 
should  be  no  moist  earth  in  contact  with  that  part  of  the  pipe. 

It  is  assumed  in  this  method  that  the  short  length  of  pipe 
between  the  shunt  contacts  is  too  small  a  fraction  of  the  whole 
circuit  of  the  pipe  line  currents  to  alter  these  currents  when  that 
section  is  practically  cut  out  of  circuit,  as  it  is  when  the  ciurent 
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flows  through  the  shunt.  This  assumption  is  probably  abso- 
lutely safe  in  all  cases  in  practise. 

As  this  method  is  not  in  any  way  concerned  with  the  nature 
of  the  circuit  beyond  the  single  pipe  length  under  test,  nor  with 
the  rest  of  the  path  of  the  current,  it  can  be  applied  to  the  most 
complex  network  of  pipes,  even  when  the  pipes  are  interconnected 
together  elsewhere  or  bonded  to  the  track. 

In  measuring  the  pipe  resistance  by  this  method,  or  in  general 
when  the  voltage  drop  is  measured,  it  is  of  course  assumed  that 
the  current  is  constant  while  the  two  successive  readings  are 
taken,  hence  it  is  recommended  to  repeat  the  two  readings  a 
number  of  times.  When  this  constancy  of  current  cannot  be 
assumed,  one  of  the  modifications  of  this  method  described 
below  may  be  used. 

A  portable  millivoltmeter  with  a  full  scale  deflection  of  10 
millivolts  has  divisions  of  0.1  millivolt,  hence  can  be  estimated  to 
0.01  millivolt.  If  a  16-in.  (40.6-cm.)  cast  iron  pipe  has  a  resist- 
ance of  about  0.00001  ohm  per  foot  (30.5  cm.),  then  say  5  feet 
(1.5  m.)  will  give  a  drop  of  half  a  division  per  ampere.  This  will 
give  a  rough  idea  of  the  range  of  measurements  that  can  be  made 
with  a  millivoltmeter.  Improvements  may  perhaps  also  be 
made  in  these  instruments  to  make  them  still  more  sensitive. 

When  a  portable  galvanometer  is  used  instead  of  a  nnillivolt- 
meter  in  order  to  get  greater  sensitiveness,  like  the  mirror  and 
telescope  galvanometers  that  were  used  in  these  tests  by  the  writer , 
it  is  necessary  to  calibrate  it  for  volts  while  in  place  before  each 
test,  hence  a  convenient  way  of  doing  so  should  be  provided. 
With  the  accumulator,  ammeter  and  rheostat  available  in  this 
test,  this  is  easily  done  by  passing  a  known  current  through  a 
known  low  resistance,  giving  a  known  drop  which  is  then  used 
to  calibrate  the  instrument.  Such  a  galvanometer  should  be 
provided  with  the  usual  shunts,  and  if  so  it  can  also  be  cali- 
brated with  a  millivoltmeter  which  is  always  at  hand  for  such 
tests. 

When  such  galvanometers  are  made  extremely  sensitive,  as 
would  be  desired  for  instance  when  the  pipes  are  very  large  and 
thick  or  the  current  very  small,  they  are  apt  to  have  a  loose  zero 
or  give  somewhat  indefinite  deflections.  Attention  is  therefore 
called  to  the  fact  that  small  deflections,  when  they  are  very 
definite  and  when  the  instrument  has  a  rigid  zero,  as  in  a  good 
portable  millivoltmeter,  may  be  more  accurate  and  reliable 
than  larger  deflections  in  a  galvanometer  that  is  more  sensitive 
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but  has  a  loose  and  unreliable  zero  and  less  definite  or  not 
strictly  proportional  deflections.  Instead  of  using  exceedingly 
sensitive  instruments  it  may  be  better  to  use  greater  lengths  of 
the  pipe,  even  to  the  extent  of  including  a  joint,  which  in  that 
case  should  preferably  be  bonded  so  that  it  is  not  variable. 

In  practise  there  are  various  very  desirable  modifications 
of  the  method  which  is  shown  only  in  its  simplest  form  in  Fig.  1 . 

Instead  of  attempting  to  adjust  the  current  in  the  shunt  to 
bring  the  voltage  D  to  zero,  it  is  far  more  convenient  to  use  a 
regular  measuring  instrument  for  D  instead  of  a  mere  zero 
detector,  and  then  to  pass  a  definite  current  through  the  shunt, 
say  10,  50  or  100  amperes,  and  read  the  two  deflections  of  D 
when  this  current  is  on  and  off;  this  had  best  be  repeated  several 
times.  The  difference  between  these  two  readings  then  cor- 
responds to  that  current,  from  which  data  the  instrument  can  be 
calibrated  to  read  in  amperes.  The  best  current  to  use  is  that 
which  will  reduce  the  original  deflection  as  much  as  possible.  By 
thus  using  the  difference  between  a  large  and  a  small  deflection 
the  errors  due  to  a  loose  zero,  which  are  so  common  with  highly 
sensitive  instruments,  are  reduced. 

This  method  also  has  the  advantage  that  an  observer  can 
read  both  A  and  Z>,  as  he  first  adjusts  the  rheostat  to  give  the 
exact  predetermined  current  and  after  that  can  open  and  close 
the  switch  to  throw  this  current  on  or  off,  without  having  to 
read  the  ammeter,  this  current  being  absolutely  constant.  He 
need,  therefore,  read  only  D. 

All  the  above  applies  to  steady  currents  or  to  such  as  are 
steady  long  enough  (a  few  seconds)  to  take  two  successive  read- 
ings, as  the  voltage  drop  and  the  current  cannot  be  measured 
simultaneously  in  the  form  shown  in  Fig.  1.  In  practise  such 
stray  currents  are  likely  to  vary  continuously  and  often  very 
rapidly.  By  waiting  for  a  suitable  opportunity  when  the  current 
is  practically  constant  for  a  short  time,  measurements  of  sufficient 
accuracy  can  often  be  made,  and  as  this  part  of  the  test  is  only 
for  the  calibration,  hence  of  a  preliminary  nature  and  needing  to 
be  made  only  once  for  each  station,  one  is  justified  in  taking 
more  time  for  it.  It  may  be  facilitated  by  using  an  extra 
voltage  detector  applied  somewhere  outside  of  the  shunted  part 
(as  in  Fig.  3)  and  having  an  additional  observer  to  call  out 
when  it  is  steady  or  to  note  whether  or  not  it  had  been  steady 
while  the  other  pair  of  readings  was  taken. 

When,  however,  the  fluctuations  are  too  rapid,  the  following 
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modification  can  be  used;  it  proved  to  be  very  satisfactory  in 
practise,  although  somewhat  more  cumbersome,  and  requiring 
additional  apparatus,  though  no  more  observers. 

Let  the  left-hand  side  of  Fig.  2  represent  the  same  arrangement 
as  in  Fig.  1.  A  second  voltage  detector  D  is  then  added  as  shown; 
it  may  be  a  sensitive  galvanometer  and  need  not  be  calibrated. 
5  is  a  second  shunt  circuit  containing  a  battery  and  an  adjustable 
resistance  which  is  operated  by  the  observer  of  D,  who  keeps 
adjusting  it  continuously  so  as  to  maintain  the  deflection  in  D 
constant.  During  that  time  the  current  will  be  steady  for  the 
other  observer,  who  then  completes  a  set  of  readings  with  the 
other  instrument  V  according  to  the  method  shown  in  Fig.  1. 

The  purpose  of  the  additional  shunt  S  is  to  take  up  all  the 
excess  of  the  pipe  current  above  a  certain  amount,  thus  acting  as 
a  sort  of  overflow,  taking  care  of  the  peaks  only.  The  observer 
of  D  must,  therefore,  use  some  judgment  in  selecting  the  deflec- 
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tion  at  which  the  current  is  to  be  held  constant;  it  should  be  kept 
at  about  the  base  of  the  average  peaks,  but  should  not  be  too  low 
for  the  other  observer  to  get  good  readings  for  his  calibration. 
It  may  be  a  different  deflection  for  each  set  of  readings  of  the 
other  observer;  the  only  important  point  is  that  the  current 
should  be  held  constant  in  that  length  of  pipe  for  a  long  enough 
time  to  take  two  successive  readings,  requiring  only  a  few 
seconds. 

Or,  if  practicable,  the  observer  of  D  could  shunt  off  the  whole 
pipe  current,  thus  making  D  read  zero,  and  leaving  the  pipe 
entirely  free  from  current  for  the  other  observer  to  make  his 
calibration  or  any  other  test  for  which  it  is  required  to  have  the 
pipe  free  from  current. 

The  adjustable  resistance  for  this  extra  shunt  S  should  be 
made  of  a  pile  of  carbon  plates  which  are  compressed  by  means 
of  a  lever  so  that  the  observer  of  D  may  quickly  follow  the  vari- 
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ations  of  the  current  with  it.  Very  good  results  were  obtained 
with  such  an  arrangement  after  a  little  practise.  As  the  ob- 
server of  D  knows  whether  or  not  the  current  has  been  success- 
fully kept  constant  he  can  discard  the  readings  of  the  other 
observer  for  which  the  current  had  not  been  constant.  By 
taking  the  mean  of  a  number  of  good  readings,  very  satisfactory 
results  were  obtained. 

Having  thus  calibrated  the  voltmeter  V  at  each  of  two  neigh- 
boring stations,  the  currents  which  enter  or  leave  the  pipe 
between  them  may  be  determined,  with  the  fluctuating  currents, 
by  taking  the  readings  of  the  two  instruments  simultaneously 
by  means  of  visual  or  telephonic  signals,  preferably  at  times  when 
the  currents  are  momentarily  steady. 

It  may  be  of  interest  to  state  here  that  after  making  the  cali- 
brations in  this  way  over  miles  of  the  same  line  of  pipe,  at 
numerous  stations,  to  determine  the  places  where  the  current 
enters  or  leaves,  and  its  amount,  and  also  to  measure  the  current 
in  the  pipe  itself,  the  results  were  finally  all  reduced  to  the  resist- 
ances in  milliohms  per  foot  of  pipe,  in  order  to  see  how  they 
agreed,  as  the  pipe  had  nominally  the  same  outside  diameter 
throughout  the  entire  length.  They  were  found,  however,  to  differ 
very  greatly,  far  too  much  to  be  due  to  errors  of  measurement. 
The  writer,  therefore,  concluded  that  the  pipes  in  different  parts 
of  the  line  must  have  different  thicknesses,  and  upon  examining 
the  specifications  according  to  which  the  pipe  line  was  laid,  this 
was  found  to  be  true,  thicker  pipes  having  been  used  in  the  valleys 
and  thinner  ones  over  the  hills.  Upon  making  comparisons 
with  the  specified  thicknesses  the  results  agreed  very  well  with 
the  measured  resistances,  showing  the  reliability  of  the  method 
of  measurement. 

Incidentally  this  also  showed  the  serious  errors  which  might 
arise  by  using  the  older  method  based  on  the  assumed  resistance 
of  the  pipe,  it  being  often  impossible  to  state,  after  the  pipe  had 
been  laid  and  was  in  service,  what  thickness  the  particular  piece 
under  test  had.  In  the  present  case  those  who  made  the 
electrical  tests  of  this  pipe  Une  had  not  been  informed  that  the 
pipe  varied  greatly  in  thickness. 

Another  modification  of  the  method  for  use  when  the  currents 
are  very  unsteady  is  shown  in  Fig.  3.  The  apparatus  is  similar 
to  that  in  Fig.  2,  except  that  the  additional  shunt  with  its  battery 
and  rheostat  is  not  required,  but  on  the  other  hand  three  ob- 
servers are  required  instead  of  two.     The  positions  of  D  and  V 
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are  now  reversed,  the  important  instniment  V,  to  be  calibrated, 
being  now  placed  beyond  the  shunt,  while  Z>,  which  may  be  a 
mere  detector  or  galvanometer,  is  connected  to  the  points  within 
the  shtmted  part.  The  resistances  R  and  R  need  not  now  be 
equal  as  marked  on  the  diagram. 

The  shunt  current  is  first  adjusted  to  some  convenient  average 
value  of  that  flowing  in  the  pipe,  then  as  the  latter  fluctuates 
on  both  sides  of  this  valu6  there  will  be  times  when  it  is  exactly 
equal  to  it;  this  is  indicated  by  D  reading  zero,  and  at  that 
moment  the  observers  of  A  and  V  take  their  readings.  This  can 
be  repeated  for  different  currents.  The  quotient  of  A  divided 
by  V  should  then  be  a  constant  for  all  the  readings;  this  cali- 
brates the  instrument  V  as  it  gives  the  amperes  per  division,  and 
it  can  therefore  be  used  as  a  pipe  ctirrent  ammeter  thereafter. 

This  method  was  not  tried.  It  reqtiires  a  battery,  leads  and 
connections  large  enough  for  the  whole  pipe  current,  and  a 
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constant  flow  of  the  current  for  a  long  enough  time  to  get  a 
number  of  good  readings;  this  may  sometimes  require  rather 
large  battery  and  leads.  But  if  the  observer  of  D  manipulates 
a  carbon  plate  rheostat  rapidly  to  keep  his  instrument  at  zero, 
it  ought  not  to  take  long  to  get  a  group  of  good  readings. 

If  in  this  method  shown  in  Fig.  3,  the  instrument  D  is  also  a 
measuring  instrument  instead  of  a  mere  zero  detector,  then  the 
following  modifications  can  be  used .  The  two  instruments  D  and 
V  need  not  then  be  calibrated  in  volts,  hence  they  can  be  two 
uncalibrated  galvanometers,  provided  only  that  they  are  exactly 
alike  in  giving  the  same  deflections  when  connected. in  multiple; 
they  may  be  adjusted  to  do  so  by  a  series  resistance.  Two  good 
millivoltmeters  would  do  in  cases  in  which  the  deflections  are 
large  enough  and  accurate  enough  so  that  their  difference  may  be 
relied  upon  as  being  an  accurately  measured  quantity,  for  the 
present  modification  of  the  method  is  based  on  measuring  this 
difference. 
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Having  two  such  instruments,  adjust  the  points  of  contact  for 
either  D  or  F  so  that  the  two  instruments  always  read  alike  for 
the  pipe  current  alone,  however  fluctuating  that  current  may  be. 
This,  of  course,  must  not  be  done  by  an  adjustable  resistance 
in  the  circuit  of  the  instrument,  but  by  moving  the  contacts 
on  the  pipe,  hence  this  method  cannot  be  used  directly  when  all 
fotir  of  these  contacts  are  drilled  or  soldered,  although  it  may 
then  be  used  indirectly,  as  shown  later.  Three  of  them  may  be 
permanent  and  the  adjustment  made  with  the  fourth. 

Such  connections  mean  that  the  two  pipe  resistances  shunting 
these  instruments  are  equal,  as  any  current  then  gives  the  same 
drop  in  both.  If  now  any  known  part  of  the  current  be  sucked 
out  of  the  pipe  by  the  battery  shimt  as  before,  then,  as  the  two 
resistances  are  equal,  the  difference  between  the  readings  D  and  V 
must  correspond  with  the  difference  between  the  two  ctirrents  in 
these  two  parts  of  the  pipe,  and  this  difference  between  the  cur- 
rents is  of  course  equal  to  the  known  battery  curent  A .  Hence, 
dividing  this  known  battery  current  by  the  difference  between 
the  two  deflections  calibrates  both  of  the  instruments  for  reading 
pipe  currents  thereafter,  that  is,  either  of  them  will  then  give 
the  amperes  per  unit  deflection.  It  is  precisely  like  the  method 
described  above,  except  that  the  two  readings  which  then  were 
necessarily  successive  are  now  simultaneous. 

It  will  be  noticed  that  as  only  the  difference  between  the  two 
currents  is  now  involved,  and  as  this  difference  is  always  constant, 
the  method  does  not  assume  even  a  momentary  constancy  of  the 
pipe  current,  being  entirely  independent  of  it;  this  current  in  the 
pipe  may  therefore  fluctuate  over  wide  ranges,  the  only  impor- 
tant point  being  that  with  such  fluctuating  currents  the  two  read- 
ings must  be  taken  simultaneously.  And  as  the  calibration 
depends  on  the  difference  between  two  readings,  the  larger  one 
should  be  as  large  as  possible  and  the  smaller  one  as  small  as 
possible,  hence  the  battery  current  should  be  made  as  nearly 
equal  to  the  pipe  current  as  practicable. 

As  the  battery  current  in  the  shunt  is  in  practise  governed 
entirely  by  the  adjustable  resistance  in  that  shunt  circuit,  this 
local  current  will  remain  constant  no  matter  how  much  the  pipe 
current  varies .  Hence  it  can  be  adjusted  and  noted  prior  to  the 
taking  of  the  two  simultaneous  readings,  thus  saving  one  ob- 
server. Moreover,  this  shunt  current  can  be  adjusted  to  any 
convenient  number  of  amperes,  10,  20,  50,  etc.,  so  as  to  simplify 
subsequent  calculations. 
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As  before,  the  above  measurements  will  also  enable  one  to 
calculate  the  resistance  of  those  parts  of  the  pipe  which  are  em- 
braced by  these  two  instruments,  provided  the  latter  are  cali- 
brated to  read  in  volts,  and  are  not  merely  deflection  instruments. 
The  readings  in  millivolts,  divided  by  the  now  known  currents  in 
amperes,  give  the  pipe  resistances  in  miUiohms. 

If  it  is  not  convenient  to  adjust  the  contacts  on  the  pipe  so 
that  the  readings  of  the  two  instruments  are  alike,  the  inequality 
of  these  readings  may  be  allowed  for  by  calculation.  For 
simplifying  the  rough  mental  calculations  which  a  careful  testing 
engineer  should  always  make  during  a  test  to  see  that  there  are 
no  grave  errors,  wrong  connections  or  inconsistencies,  it  is  advis- 
able to  make  the  two  distances  between  the  pairs  of  contacts 
approximately  equal,  so  that  the  ratios  between  the  deflections 
will  be  approximately  unity. 

A  preliminary  test  is  then  made  to  determine  this  correction 
factor  accurately.  This  is  done  by  taking  a  series  of  simultane- 
ous readings  on  the  pipe  current  only,  or  if  too  small,  then  sup- 
plemented by  the  battery  current,  which  should  then  be  reversed, 
so  as  to  add  to  instead  of  deducting  from  the  pipe  current,  and 
it  must  of  course  now  flow  through  both  pieces  of  pipe,  and  not 
as  shown  in  the  figure. 

From  this  preliminary  series  of  readings  a  good  average  value 
can  be  obtained  for  the  ratio  of  the  readings  of  D  divided  by 
the  corresponding  ones  of  V,  Call  this  n.  Then  all  subsequent 
readings  of  the  instrument  V  in  the  main  test  must  be  multiplied 
by  this  correction  factor  n,  to  reduce  them  to  what  they  would 
be  if  the  two  pipe  resistances  had  been  equal  as  at  first  described. 

In  general,  the  modifications  shown  in  Figs.  2  and  3  have  the 
disadvantage,  as  compared  with  that  in  Fig.  1,  that  they  require 
an  exposure  of  a  larger  part  of  the  pipe ;  the  alternative  of  using 
shorter  lengths  for  each  instrument  is  not  recommended — ^these 
lengths  should  be  as  great  as  conditions  permit,  preferably  each 
a  whole  pipe  length. 

In  the  writer^s  tests  the  galvanometers  had  been  designed  for 
different  conditions  and  were  therefore  somewhat  oversensitive; 
the  zero  was  too  loose  and  the  deflections  were  not  as  definite 
and  accurate  as  desired  to  give  the  best  results  which  these 
methods  could  give.  The  deflections  of  milli voltmeters  under 
the  existing  conditions  were  considered  to  be  too  small  and  there- 
fore too  unreliable  for  methods  depending  on  calculations  in- 
volving the  relations  of  quotients  and  differences.    The  gal- 
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vanometers  should  have  had  stiffer  suspensions,  giving  them 
more  rigid  zeros  and  more  definite  deflections,  at  a  sacrifice  of 
some  of  their  sensitiveness. 

The  present  modification  of  the  method  was  tried  out  with 
millivoltmeters  in  a  single  one  of  the  tests  of  the  above-mentioned 
series  where  the  pipe  current  was  greatest,  and  although  the 
deflections  were  small,  the  calculated  results  seemed  to  be  con- 
cordant, although  there  was  no  way  of  checking  them  with  results 
from  other  observations  or  with  repetitions  under  different  con- 
ditions. In  the  laboratory  this  latter  method  may  be  a  very 
satisfactory  one,  but  whether  it  will  be  so  on  a  series  of  outdoor 
road  tests  should  be  determined  by  the  testing  engineer  when  he 
knows  the  particular  conditions  of  the  test  and  the  character- 
istics and  reliability  of  his  instruments.  It  has  several  very 
good  features  and  might  in  some  cases  give  very  good  results. 

Attention  is  here  called  to  the  great  importance  of  having  the 
directions  of  the  currents  correct  in  all  these  tests. 

In  general,  methods  which  give  the  final  results  as  directly  as 
possible  and  in  intelligible  form,  are  to  be  preferred  to  those 
of  the  indirect  kind  in  which  the  readings  themselves  convey  no 
meaning  and  in  which  the  final  results  must  be  calculated  from 
more  or  less  involved  mathematical  relations,  which  it  may  not 
be  convenient  to  work  out  during  the  test  itself  to  see  whether 
there  arc  any  grave  errors,  wrong  connections,  or  inconsistencies. 
This  is  particularly  true  of  road  tests  in  which  the  apparatus  is 
moved  rapidly  from  station  to  station  and  in  which  holes  are 
dug  which  must  be  filled  in  again  as  soon  as  possible;  in  such 
tests  it  would  be  awkward  to  find  later,  when  the  calculations 
have  been  made  in  the  office,  that  there  had  been  something 
wrong,  requiring  a  repetition  of  an  expensive  test. 

Another  objection  to  the  indirect  kind  of  tests,  in  which  the 
final  results  are  calculated  from  fonnulas,  is  that  such  formulas 
may  involve  quotients,  differences  and  relations  between  them, 
and  in  such  cases  it  may  be  the  case  that  small  inaccuracies  in  the 
readings  mean  very  large  ones  in  the  final  results,  as  for  instance 
in  taking  the  difference  between  two  small  and  nearly  equal 
readings.  And  such  inaccuracies  may  not  be  included  in  the 
academician's  calcidated  **  probable  error,"  as  they  may  lie  back 
of  the  readings.  A  rigid  zero,  definite  and  strictly  proportionate 
deflections,  accurate  and  strictly  simultaneous  readings,  etc., 
may  be  necessary  for  such  calculated  results.  The  indirect 
methods  may  be  quite  correct  in  theory  and  may  give  very  good 
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results  in  laboratories  where  one  may  work  out  the  best  possible 
conditions,  instead  of  having  to  take  them  as  one  finds  them,  as 
in  road  tests. 

The  other  test  referred  to  in  the  introduction  concerns  the 
identification  of  the  source  of  the  stray  currents  in  the  pipes. 
This  is  often  important  in  legal  proceedings,  for  even  if  currents 
are  shown  to  be  flowing  in  pipes  the  question  of  where  they  come 
from  still  remains. 

The  method  devised  by  the  writer,  and  used  very  successfully 
in  a  large  number  of  tests,  consists  in  taking  a  series  of  many 
simultaneous  readings  of  the  drop  of  potential  or  the  current, 
in  the  pipe  and  in  the  track  of  the  supposed  source,  especially  the 
extreme  high  and  low  readings  of  the  fluctuations,  and  plot- 
ting them  together  on  the  same  sheet  of  cross-section  paper,  using 
different  scales  if  necessary  to  make  the  average  ordinates  nearly 
equal.  If  the  prominent  peaks  and  troughs  of  these  two  saw- 
tooth curves  then  correspond  approximately  with  each  other, 
there  is  no  doubt  that  both  the  currents  originate  from  the  same 
source.  If  the  etudes  are  radically  different  then  that  track  is 
either  not  the  right  source  or  at  least  is  not  the  only  one. 

In  the  tests  referred  to,  these  identification  measurements 
were  made  over  long  stretches  of  several  miles,  with  the  aid  of 
telegraph  wires,  but  it  is  possible  that  good  results  could  also 
be  obtained  in  certain  cases  with  milli voltmeters  applied  to 
stretches  short  enough  not  to  require  the  use  of  long  telegraph 
wires.  The  readings  need  not  be  in  volts  or  amperes.  They 
merely  need  to  be  proportional  to  them;  hence  the  instruments 
need  not  be  accurately  calibrated,  but  should  give  correct  pro- 
portional deflections.  Nor  need  the  resistance  of  the  telegraph 
wire  leads  be  taken  into  account. 

Numerous  other  tests  concerning  such  stray  currents  were  de- 
vised by  the  writer  which  may  be  new,  but  those  described  above 
were  considered  to  be  the  best.  There  were  also  a  number  of 
other  tests  proposed  and  in  part  used  in  this  series,  but  as  they 
were  devised  in  conjunction  with  others  the  writer  does  not  feel 
at  liberty  to  describe  them  here. 

As  the  above -described  methods  for  measuring  the  pipe  cur- 
rents and  resistances  are  entirely  independent  of  the  rest  of  the 
pipe  circuit  or  the  rest  of  the  path  of  the  current,  they  may  also 
be  applied  to  other  tests  than  those  of  underground  pipes,  in 
which  the  rest  of  the  circuit  is  also  unknown  or  inaccessible,  as 
for  instance  in  measuring  the  resistance  of  a  part  of  a  circuit  such 
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as  a  busbar,  a  permanently  connected  shunt,  etc.,  through  which 
current  is  flowing  and  which  is  in.  service  and  can  therefore  not 
be  cut  or  have  its  current  interfered  with.  Or  the  current  may 
be  alternating.  There  are  of  course  numerous  other  modifica- 
tions of  the  same  general  principle,  which  may  be  made  in  special 
cases. 

The  apparatus  used  for  the  pipe  current  tests  consisted  of  two 
portable,  low-resistance,  suspension  coil,  mirror  and  telescope 
galvanometers  on  tripods,  of  the  type  used  for  outdoor  insulation 
tests,  with  the  usual  set  of  shunts,  but  made  very  sensitive,  as 
the  original  reqtiirements  were  to  include  measurements  of  even 
relatively  very  small  currents  in  rather  large  pipes.     Their  con- 
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stants  were  about  0.001  niillivolt  per  mm.  For  ordinary  work 
they  would  not  need  to  be  so  sensitive.  Probably  in  many  cases 
two  sensitive  but  reliable  millivoltmeters  would  be  sufficient  to 
carry  out  the  above-mentioned  tests;  if  so,  they  are  of  course 
decidedly  preferable  on  account  of  their  portability,  especially 
when  high-speed  automobiles  are  incessantly  passing  along  the 
road  uncomfortably  close  to  the  instrument  and  observer. 

The  rest  of  the  apparatus  consisted  of  a  wire  rheostat,  a  re- 
versing switch,  a  small  portable  two-cell  accumulator  capable  of 
giving  about  100  amperes,  and  a  millivoltmeter  with  several 
shunts  to  be  used  as  an  ammeter  also,  all  conveniently  mounted  in 
a  portable  box  serviceable  also  as  a  writing  table.  A  single  cell 
would  probably  have  answered  nearly  as  well.     For  the  preferred 
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form  of  test  shown^in  Fig.  2  there  was  in  addition  a  carbon  plate 
resistance  with  a  lever  for  quick  and  strong  compression,  a 
second  set  of  two  cells  of  accumulators  and  a  sensitive  millivolt- 
meter. 

The  form  of  the  universal  clamps  finally  adopted  for  making  the 
contacts  with  the  pipes  is  shown  in  outline  in  Fig.  4 ;  these  clamps 
proved  to  be  very  convenient.  They  spanned  the  pipe,  making 
contacts  for  the  same  lead  at  two  diametrically  opposite  points. 
The  contact  pins  were  made  with  hardened  points  which  with  a 
light  hammer  blow  entered  the  pipe  slightly  and  made  serviceable 
contacts  even  for  currents  of  100  amperes.  These  pins  were  in- 
sulated from  the  frame  so  that  they  could  be  used  for  different 
circuits  if  desired.  The  clamps  were  made  of  light  bicycle  tubing 
and  ordinary  T-joints. 
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Discussion   on   "  Measuring   Stray   Currents  in  Under- 
ground Pipes  "  (Hering),  Boston,  Mass.,  June  28,  1912. 

Albert  F,  Ganz:  In  electrolysis  surveys  it  is  important  to 
measure  the  currents  flowing  on  pipes.  The  most  common 
method  used  for  this  measiu'ement  is  to  treat  part  of  the  pipe 
length  as  a  shunt,  and  to  measure  the  drop  across  this  shimt  with 
a  sensitive  millivoltmeter,  and  then  to  compute  the  current 
from  the  measiu-ed  drop  and  from  an  assumed  resistance  of  the 
included  pipe  length.-  The  methods  which  Dr.  Hering  gives 
in  his  paper  for  measuring  pipe  currents  involve  essentially  the 
actual  measurement  of  the  resistance  of  a  length  of  pipe,  which  is 
part  of  a  piping  system.  These  methods  are  in  fact  special 
cases  of  a  general  method  based  on  Kirchhoff's  first  law,  namely, 
that  the  stmi  of  the  currents  flowing  towards  a  junction  point  is 
equal  to  those  flowing  away  from  the  point.  This  principle 
has  been  used  before  for  measuring  pipe  resistances,  and  is 
mentioned  on  page  67  of  the  Amencan  edition  of  Dr.  Michalke's 
book  on  **  Stray  Currents  from  Electric  Railways  *'  published  in 

1906.  For  a  number  of  years 
I  have  also  used  in  special 
cases  what  is  practically  the 
last  modification  of  the 
method  described  by  Dr. 
Hering  in  the  second  para- 
graph of  page  1458.  In  carry- 
ing out  the  method  I  have 
used  the  coimections  shown 
in  Fig.  1  of  this  discussion. 
The  two  millivoltmeters  are  similar  and  highly  sensitive 
instrtunents,  one  scale  division  representing  0.1  millivolt. 
They  are  shunted  across  equal  lengths  of  pipe,  and  a  battery 
current  is  introduced  in  the  middle,  as  shown  in  the  diagram. 
I  have  found  it  convenient  to  use  a  battery  current  larger  than 
the  pipe  current,  so  that  the  currents  /i  and  /j  flow  in  opposite 
directions.  The  two  instruments  are  first  read  simultaneously 
with  the  battery  circuit  open,  in  which  case  the  readings  are  due 
to  the  stray  current  on  the  pipe.  If  the  readings  are  alike,  which 
is  generally  the  case,  the  two  included  shunts  have  the  same 
resistance;  if  the  readings  are  not  alike,  the  two  included  shunts 
have  resistances  proportional  to  the  readings.  The  battery 
circuit  is  then  closed,  and  the  ammeter  and  the  two  millivolt- 
meters  are  read  simultaneously.  If  the  two  millivoltmeters 
previously  read  alike,  the  resistance  of  the  pipe  between  contacts 
is 

«        Ei  +  Et 


Fig.  1 


Where  trolley  rails  are  accessible  I  have  frequently  dispensed 
with  the  battery,  and  have  connected  from  the  middle  of  the 


1912)  DISCUSSION  AT  BOSTON  1465 

pipe  through  an  ammeter  directly  to  the  rails,  thus  drawing 
current  from  or  to  the  pipe.  The  use  of  battery  current  has, 
however,  the  advantage  of  giving  steadier  readings. 

I  have  used  the  above  method  for  measuring  the  resistances 
of  pipes  and  of  lead  cable  sheaths  in  special  cases.  Such  cases 
arise,  for  example,  in  long  cable  sheaths  or  in  long  individual 
pipe  lines,  where  it  is  desirable  to  measure  current  flow  simulta- 
neously at  two  or  more  points  for  the  purpose  of  determining  the 
change  of  ciurent  between  the  points;  where  the  changes  are 
small  the  individual  readings  must  be  taken  with  considerable 
accuracy. 

Stray  currents  on  pipes  fluctuate  violently  from  moment  to 
moment  and  also  vary  greatly  during  different  periods  of  the 
day.  Great  accuracy  in  measuring  stray  currents  is  therefore 
generally  imnecessary.  This  is  particularly  true  in  the  case  of 
pipes  forming  parts  of  interconnected  networks,  where  the 
method  of  determining  the  flow  to  or  from  a  pipe  from  simulta- 
neous readings  is  not  generally  applicable,  and  where  variations 
of  10  per  cent  or  even  20  per  cent  would  not  be  serious.  For  such 
cases  it  is  abtmdantly  accurate  to  measure  the  millivolt  drop  in 
a  measured  length  of  pipe,  and  divide  this  by  the  resistance  of 
the  included  length  of  pipe,  estimated  from  its  known  size  and 
material. 

I  have  foimd  in  the  case  of  long  individual  pipe  lines  or  long 
cable  lines,  that  a  fair  estimate  of  stray  current  leaving  or  flow- 
ing to  the  pipe  or  cable  sheath  can  only  be  obtained  from  a  com- 
parison of  simultaneous  24-hour  records  of  the  cturent  flow  at 
successive  points.  These  records  can  be  obtained  by  means  of 
suitable  recording  milli voltmeters. 

Dr.  Hering  states,  in  the  third  paragraph  of  page  1456,  that 
after  he  had  completed  a  series  of  resistance  measurements  at 
many  points  over  miles  of  a  pipe  line,  he  had  fotmd  that  the 
computed  resistances  per  foot  of  pipe  differed  very  greatly 
from  each  other.  Upon  examination,  however,  it  was  found  that 
some  portions  of  the  pipe  line  had  been  laid  with  heavier  pipe 
than  others,  and  when  a  correction  was  made  for  this  the  results 
agreed  very  well.  He  concludes  that  this  is  a  proof  of  the  relia- 
bility of  his  method  of  measuring  resistance.  It  seems  to  me, 
however,  that  it  really  proves  that  the  method  of  estimating  the 
resistance  of  a  pipe  from  its  dimensions  is  reasonably  accurate. 

I  am  convinced  from  my  experience  that  in  about  95  per  cent 
of  the  cases  met  in  practise,  the  method  of  measuring  drop 
between  two  contacts  on  a  pipe,  and  dividing  this  by  the  resis- 
tance of  the  included  length  of  pipe  estimated  from  its  dimen- 
sions, is  sufficiently  accurate  for  practical  purposes,  and  on 
accoimt  of  its  great  simplicity  it  is  to  be  preferred.  I  am  prepared 
to  admit  that  I  have  used,  and  am  still  using,  this  method  for  a 
great  many  pipe  current  measurements,  and  believe  it  is  a 
perfectly  satisfactory  and  practical  method. 

Where  current  flowing  from  or  to  a  pipe  is  obtained  from 
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simultaneous  current  measurements  at  two  points,  I  have  found 
it  very  necessary  that  the  two  instruments  have  the  same  period 
of  vibration,  as  otherwise  they  will  not  fluctuate  together,  and 
the  instantaneous  readings  cannot  properly  be  compared. 

Dr.  Hering  also  states  that  he  has  devised  a  method  of  identi- 
f3dng  pipe  currents,  consisting  of  simultaneously  measuring 
drop  along  a  pipe  and  drop  along  rails,  and  comparing  the 
fluctuations  in  these  curves  of  drop.  I  would  like  to  say  that 
I  have  used  this  method,  but  find  it  better  to  obtain  simultaneous 
24-hour  records  of  the  drop  on  a  pipe  and  on  the  rails,  and  then 
to  compare  the  characteristic  variations  of  these  drops.  I  have 
found  it  satisfactory  to  use  a  few  feet  of  pipe  and  of  rail  for  this 
purpose.  I  have  also  foimd,  where  there  is  an  extensive  piping 
network,  and  where  there  are  several  individual  rail  lines,  that 
the  ciurent  on  any  one  pipe  may  not  fluctuate  with  the  ciurent 
in  the  neighboring  rail,  because  the  pipe  is  receiving  current 
from  a  niunber  of  rail 'lines.  The  method  of  comparing  the 
twenty-four-hour  records  of  drop  on  the  pipe  with  the  rail  drop 
is  therefore  safer  in  such  cases. 

Dr.  Hering  also  states  that  the  ground  current  detector  is 
academically  interesting  but  could  not  be  used  because  it  dis- 
turbs the  very  conductor  through  which  the  current  to  be  meas- 
ured is  flowing.  I  presiune  that  he  refers  to  the  Haber  earth 
ammeter.  It  is  true  that  this  earth  ammeter  is  not  satisfactory 
as  a  means  of  measuring  the  total  current  leaving  a  pipe.  I 
have,  however,  found  it  exceedingly  useful  as  a  means  of  proving 
that  stray  current  is  actually  leaving  a  pipe  which  is  foimd 
corroded,  and  by  using  the  earth  ammeter  with  a  recording 
instrument  for  identifying  the  source  of  the  current  leaving  the 

pipe- 
Edwin  F.  Northrup  (by  letter) :  In  this  paper  Dr.  Hering  has 
made  a  valuable  contribution  to  the  literature  of  a  class  of 
electrical  measurements  which  is  commercially  important. 
A  word  on  the  history  of  the  development  of  these  methods  is 
not  out  of  place.  According  to  the  writer's  best  knowledge 
(and  he  has  informed  himself  with  considerable  pains),  the  origi- 
nal conception  and  original  execution  of  the  methods  of  measur- 
ing ciurents  in  imdergroimd  pipes  and  the  resistance  of  sections 
of  such  pipes  as  Dr.  Hering  describes  in  connection  with  Figs.  1 
and  2  of  the  paper,  belongs  wholly  to  the  author  of  the  paper. 
The  method,  rather  vaguely  described  on  page  1459,  intended  as 
a  modification  for  avoiding  the  difficidties  which  arise  from  the 
fluctuations  of  the  currents  in  the  pipes,  was  quite  independently 
devised,  fully  worked  out,  generalized,  and  tested  in  the  labora- 
tory and  in  the  field,  by  the  writer  of  this  communication.  The 
present  writer  has  tried  no  other  method,  as  he  believes 
thoroughly,  both  from  theory  and  tests  in  laboratory  and  field, 
that  it  is  the  best  method  for  the  purpose,  that  it  is  quite  general 
in  application  and  is  not  at  all  deserving  of  the  criticisms  made 
in  the  paper,  beginning  with  the  third  paragraph  of  page  1460. 
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Its  independent  conception  was  undoubtedly  stimulated  by  a 
full  knowledge  of  what  Dr.  Hering  had  accomplished  by  the 
method  described  and  shown  in  Fig.  1  of  his  paper.  But  the 
writer  of  this  commimication  feels  that  he  has  added  precision 
and  generality  to  the  methods  which  Dr.  Hering  has  described. 
The  importance  of  the  subject  is  such  that  the  writer  thinks 
his  viewpoint  and  additional  contributions  should  be  presented 
to  the  Institute  for  permanent  record  in  full.  What  follows  is 
taken  from  the  writer^s  notes,  which  were  prepared  over  one 
year  ago. 

Resistance  Measurement  of  Closed  Circuits.  The  problem  is 
often  presented  in  commercial  practise  of  obtaining  the  resist- 
ance of  a  portion  of  a  circuit  which  is  closed  upon  itself  and  which 
may  contain  a  source  of  current,  either  alternating  or  direct. 
If  the  circuit  could  be  opened  even  momentarily  the  problem 
could  be  solved  by  well-known  methods.     But  if  the  circuit 
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cannot  b.5  opened,  the  problem  is  still  solvable  in  more  than  one 
way.  The  following  methods  have  been  carefully  tested  out  by 
the  writer  in  practical  cases,  and  have  been  foimd  to  give  such 
satisfactory  results  as  to  warrant  a  detailed  description. 

We  shall  first  consider  a  general  method  applicable  to  measur- 
ing the  resistance  of  a  section  of  a  closed  conductor  loop,  such  as 
the  rim  of  a  cart-wheel,  which  may  be  assimied  to  have  a  cross- 
section  which  varies  in  an  imknown  way  from  one  portion  of 
its  circtunference  to  another.  Referring  to  Fig.  2,  we  have  the 
following  dispositions  of  circuits  and  instruments. 

P  is  a  closed  metallic  circuit  of  medium  or  very  low  resistance 
which  cannot  be  opened.  It  is  required  to  determine  the  resistance 
X  of  a  definite  length  of  this  closed  circuit,  as  between  two  points 
a  and  b.  For  this  there  are  required  three  deflection  instnunents 
which  deflect  proportionally  to  the  current  through  them.  The 
constants  of  these  instnmients  need  not  be  known  but  must  be 
the  same  for  all  three.    In  the  present  application  of  the  method 
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there  is  required  one  known  resistance  i?  provided  with  potential 
terminals.  This  resistance  R  should  be  chosen,  for  the  best  ac- 
curacy, of  the  same  order  of  magnitude  as  the  resistance  x  which 
is  to  be  determined.  A  cell  of  storage  battery  and  a  rheostat  r 
to  adjust  the  current  from  the  battery  to  a  suitable  value,  are 
required,  also  a  key  K,  The  deflection  instruments  would 
ordinarily  be  millivoltmeters,  though  three  galvanometers 
having  the  same  constant  could  be  used.  Millivoltmeter  No.  1 
is  joined  to  the  potential  terminals  a,  6,  between  which  the 
resistance  is  x.  Millivoltmeter  No.  2  is  joined  to  the  potential 
terminals  /,  d,  between  which  the  resistance  is  y,  and  the 
terminals  of  millivoltmeter  No.  3  are  joined  to  the  potential 
terminals  q,  s,  between  which  the  resistance  is  R,  which  is 
known.  The  ciurent  terminals  of  R  are  joined  to  the  points 
p,  g,  of  the  loop,  and  in  circuit  with  R  is  the  key  K.  The  cell 
of  storage  battery  B  a,  which  includes  in  its  circuit  the  rheostat 
r,  is  joined  to  two  points,  such  as  w  and  w,  of  the  closed  metallic 
circuit.  This  supplies  to  the  system  the  current  required  for 
the   measurement. 

The  procedure  in  making  a  measurement  is  as  follows: 

a.  With  the  key  K  open,  read  at  the  same  moment  millivolt- 
meter No.  1  and  call  its  deflection  di  and  millivoltmeter  No.  2 
and  call  its  deflection  di. 

b.  With  the  key  K  closed  read  simultaneously  the  three 
deflection  instruments.  Call  the  deflection  of  millivoltmeter 
No.  1,  di,of  millivoltmeter  No.  2,(^2,  and  of  millivoltmeter  No. 
3,   D. 

Then,  in  case  (a), 

X         d\ 

—  =  —/.-,  which  call  N;  thenx  =  iVy  (1) 

y         d%'  •  X  / 

In  case  (b),  since  the  deflections  Dyd\  and  dt  are  proportional 
respectively  to  e.m.fs.  F,  £i,  and  E%y  we  have 

Ei^  Kdi^  Cix  (2) 

and  Ei^  Kdt^  Cy  ^  (3) 

Here  X  is  a  constant  and  C  is  the  au^rent  through  y,  and  Ci  is 
the  ctirrent  through  x.    We  also  have 


But 


C  =  Cj  +  /,  where  /  is  the  current  through  R. 
I  =  -^  =  — ^ — ,  whence  C  =  Ci  H ^ —  (4) 


In  the  relations  (1),  (2),  (3)  and  (4)  we  have  the  imknown 
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quantities  x,  y,  C  and  Ci  and  hence,  there  being  but  foiu"  unknown 
and  four  equations,  both  x  and  y  can  be  determined. 

We    finally   derive  jc  =  -y: —  R  (6) 


and 


y  .    J^   .  (., 


Equation  (6)  is  obtained  as  follows: 
From  (3)  and  (4) 


From  (2)  and  (7) 


or 


Kit 

y 

Kdi 

X 

Kdt           KD 
y               R 

X 

di           D 
y           R 

(7) 


(8) 


Putting  in  (8)  the  value  of  y  from  (1),  we  obtain 

_d^     ^    diN    _     t> 
X      "       X  R 


(9) 


and  from  (9)  we  find  the  value  of  x  to  be  that  given  in  (6). 

The  above  method  possesses  four  special  merits:  The  circuit 
of  the  resistance  being  measured  does  not  have  to  be  opened; 
the  resistance  of  no  contact  enters,  and  hence  the  contacts  at 
points  />,  g,  fw,  n  and  k  need  not  be  made  with  any  special  care, 
while  the  points  dy  b,  fy  dy  q  and  5  are  merely  potential  points 
and  contact  at  these  places  may  be  made  with  a  sharp  point  or 
knife-edge  pressed  against  the  conductor;  the  constant  of  the 
deflection  instruments  need  not  be  known,  it  being  only  necessary 
that  all  three  instruments  have  the  same  constant;  two  instru- 
ments are  read  simultaneously  in  case  (a)  and  the  throe  instru- 
ments are  read  simultaneously  in  case  (b),  hence  the  current  in 
the  loop  P  may  be  very  variable,  and  accurate  results  still  be 
obtained. 

This  method  was  tried  by  the  writer,  using  a  brass  ring  a 
little  over  one  meter  in  circumference  and  of  No.  0  B.  and  S. 
wire.  The  ring  was  placed  over  an  open-core  alternating-current 
electromagnet  of  very  great  size.  By  exciting  the  alternating- 
current  magnet  induced  alternating  currents  were  sent  through 
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the  ring.  It  was  found  that  the  readings  of  the  three  instrtunents, 
and  hence  the  resistances  measuredi  were  in  no  wise  affected 
by  the  presence  of  the  alternating  current  induced  in  the  ring, 
hence  the  method  applies  whether  the  closed  loop  is  or  is  not 
carrying  an  alternating  current. 

In  the  above  trial  the  actual  readings  observed  and  the  results 
obtained  were  as  follows: 

di  =  20.54;  dt  =  25.18;  D  =  18.51;  i?  =  0.01  ohm.  The 
ratio  of  di'  to  dt',  or  iV,  was  0.9940.  From  these  readings  the 
value  obtained  for  x  was,  by  equation  (6), 


25.18  (0.994  -20.54) 


18.51 


0.01  =  0.002425  ohm. 


The  ring  was  afterward  cut  open  and  the  resistance  x  was  deter- 
mined by  an  ordinary  method,  and  fotmd  to  be  0.002439  ohm. 
Hence  the  error  in  the  measurement  of  the  closed  ring  was  0. 57 
of  1  per  cent. 


>WVW\AW  •  ■       \ 
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This  method  has  a  useful  application  when  applied  to  the 
determination  of  the  resistance  between  two  points  in  a  d-c. 
busbar  while  this  is  carrying  its  current. 

To  Measure  the  Resistance  between  Two  Points  on  a  Busbar, 
The  arrangement  to  employ  is  represented  in  Fig.  3.  The 
potential  points  a,  i,  and  c,  d,  may  be  obtained  by  drilling  and 
tapping  small  holes  in  the  busbar  and  inserting  in  these  holes 
small  screws  to  which  the  terminals  of  the  millivoltmeters  may 
be  secured.  The  terminals  of  the  resistance  R  may  be  attached 
to  the  busbar  at  p  and  q  by  means  of  iron  clamps,  as  the  precision 
of  the  method  is  not  affected  by  contact  resistances  at  these 
places.  The  distances  between  the  point  a  and  the  clamp  p, 
and  the  point  b  and  the  clamp  q,  shoiild  be  at  least  three  times 
the  width  of  the  busbar.  It  is  also  desirable  to  have  the  clamps 
p  and  q  make  contact  with  the  busbar  across  its  entire  width. 
The  purpose  of  these  two  precautions  is  to  insiure  that  the  stream 
lines  of  current  are  parallel  with  the  busbar  at  the  potenial 
points  a  and  b.    For  the  same  reason  the  potential  point  c  should 
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be  as  far  to  the  right  of  g  as  the  potential  point  b  is  to  the  left. 
The  distance  from  c  to  d  should  be  chosen  about  equal  to  the 
distance  from  a  to  6  in  order  to  bring  the  ratio  N  near  unity. 

If  there  is  direct  current  in  the  busbar,  supplied  by  the  gener- 
ator, then  there  is  no  necessity  of  introducing  additional  current 
from  storage  cells,  as  is  required  when  measuring  the  resistance 
of  a  section  of  a  loop  as  in  the  example  above. 

The  standard  resistance  R  should  be  supplied  with  potential 
points  and  should  be  not  over  ten  times  the  resistance  of  the 
busbar  between  the  clamps  p  and  g.  Greater  accuracy  will  be 
obtained  if  this  resistance  is  about  equal  to  the  resistance  of  the 
busbar  between  the  clamps.  Since  the  drop  of  potential  over  the 
resistance  R  is  read  to  give  the  value  of  the  current  /,  which 
flows  in  the  branch  circuit,  one  may  substitute  an  ammeter  for 
the  resistance  R  and  the  millivoltmeter  which  reads  the  drop 
over  this  resistance.  In  this  case,  however,  the  other  two 
deflection  instruments  must  read,  not  in  arbitrary  imits,  but  in 
volts  or  millivolts. 

The  procedure  is  the  same  as  in  the  case  of  the  ring,  described 
above.  Giving  the  symbols  the  meanings  designated  in  Fig.  3, 
we  have: 

With  the  key  K  open, 

With  the  key  K  closed,  we  have,  from  readings  taken  simul- 
taneously   by    three    observers, 

Ei==  Cix  (2) 

and  Ei  =  Cy  (3) 

We  also  have  the  relation 

C  =  /  +  Ci  =  -^  +  Ci  (4) 

From  (1),  (2),  (3)  and  (4)  we  deduce,  sls  in  the  case  of  the 
measurement  of  the  resistance  of  a  ring, 

X  =  ^'  Y^'  (6) 

or  X  =  R  (6) 

If  equation  (6)  is  used,  £i,  £2  and  V  can  be  multipled  by  the 
same  constant,  a,  and  hence  the  deflection  instruments  may  be 


1472  MEASURING  STRA  Y  CURRENTS  [June  28 

calibrated  in  arbitary  units,  provided  the  same  arbitrary  units 
are  used  for  all  three  instruments. 

The  purpose  to  be  fulfilled  in  finding  the  resistance  between 
two  points  in  the  busbar  is  to  enable  the  ctirrent  in  the  busbar 
to  be  measured  at  any  time  by  reading  the  drop  of  potential 
between  the  points  with  a  millivoltmeter.  A  portion  of  the 
busbar  is  made  in  this  manner  to  serve  as  a  shunt  for  a  milli- 
voltmeter, which  thus  becomes  an  ammeter  for  reading  the 
current  in  the  busbar.  As  busbars  are  made  of  copper  or 
alumintun,  which  have  a  large  temperature  coeflScient,  we  have 
to  consider  to  what  extent,  if  any,  their  change  in  resistance  with 
temperature  wiU  affect  the  precision  with  which  the  current  may 
be  read.     Let  Fig.  4  represent  an  arrangement  to  be  employed. 

Here,  B-Bi  is  a  section  of  a  busbar.  We  shall  suppose  that 
the  resistance  i?2o  has  been  accurately  obtained  at  20  deg.  cent., 
between  the  two  points  a  and  i,  by  the  above  method.  The 
millivoltmeter  MV  is  joined  to  the  points  a  and  ft. 

Let  fT  =  r2o  (1  +  a  70  (1) 

be  the  resistance  of  the  millivoltmeter  at  T  deg.  cent,  above  20 
deg.  cent,  when  rjo  is  its  resistance  at  20  deg.  cent,  and  a  is  the 
temperature  coefficient  of  its  winding. 


7b-\B4^   Let      i?i  =  i?,o(l  +  i80       (2) 


be  the  resistance  between  points 

a  and  ft  of  the  busbar  at  /  deg. 

cent,  above  20  deg.  cent,  when 
Fig.  4  i?jo  is  its  resistance  at   20  deg. 

cent,  and  jS  is  the  temperature 
coefficient  of  the  material  of  the  busbar. 

The  busbar  may  change  in  temperature  both  from  changes  in 
the  temperature  of  the  room  and  from  the  heating  due  to  the 
current  which  it  carries.  The  millivoltmeter  MV  can  only 
change  in  temperature  from  changes  in  the  temperature  of  the 
room.  Hence,  in  general,  the  temperature  T  of  the  millivolt- 
meter will  not  be  the  same  as  the  temperature  /  of  the  busbar. 
We  wish  to  determine  the  nature  and  magnitude  of  the  errors 
produced  by  these  temperature  changes  in  reading  the  current. 
If /is  the  current  in  the  busbar,  the  fall  of  potential  from  a  to  ft, 
when  the  temperature  of  busbar  is  /,  will  be 

Ei^  IRi  (3) 

The  current  through  the  millivoltmeter  will  be 

C--  —  ^KD  (4) 


1912)  DISCUSSION  AT  BOSTON  1473 

where  D  is  the  deflection  of  the  millivoltmeter  and  K  is  sl  constant. 
Hence 

Et--KDrr  (6) 

By  equations  (3)  and  (6), 

'  - '^  "  S  -  ^  ^  gftn:"^  i)-  <«) 

Since  the  busbar  and  the  winding  of  the  millivoltmeter  are 
both  of  pure  metal,  as  copper  or  aluminum,  the  temperature 
coefficients  a  and  jS  would  be  practically  the  same  and  may  be 
taken,  approximately,  as  0.004.  Equation  (6)  can  therefore 
be  written: 

KDr2o  1  +  0.004  T  ... 

R20  1+0.004/  ^^ 

The  error  in  the  measurement  of  /  is  now  seen  to  depend  directly 
upon  the  amount  by  which  the  last  term  of  equation  (7)  departs 
from  unity.  In  the  case  of  no  heating,  by  the  current,  of  the 
busbar  above  room  temperature,  (as  would  be  very  approximately 
realized  for  a  loading  of  the  busbar  of  50  per  cent  full  load  or 
less)  /  =  r,  and  there  is  no  error,  whatever  the  room  tem- 
perature becomes.  Now  /can  never  be  less  than  T,  but  may 
assume  a  value  T  -\-  d  T,  where  d  T  represents  the  temperature 
of  the  busbar  above  the  temperature  of  the  air.  In  this  case 
equation  (7)  becomes 

KDr2o  1  +  0.004  T  ,g. 

i^2o^  1  +  0r004  T  +  0.004  d  T  ^^ 

As  a  rather  extreme  case  we  may  take  T  =  10  deg.  cent» 
above  20  deg.  cent.,  and  d  T  =  5  deg.  cent.     Then 

1  +  0.004^X10  ^   L2^  =  0  QRl  4- 

1  +  0.004  X  10  +  0.004  X  5        1.06  '^' 

Thus  the  true  value  of  the  current  would  be,  in  this  case,  about 
two  per  cent  less  than  one  would  read  it  upon  the  millivoltmeter. 

The  following  estimate  shows  that  the  fall  of  potential  in  a 
busbar  is  large  enough  to  apply  the  above  method  of  measuring 
the  current  in  it ;  though  the  writer  has  not  had  an  opportunity 
of  putting  the  method  into  practise  as  was  done  in  the  other 
cases  here  described.  The  resistance  of  100  per  cent  conduc- 
tivity copper  at  20  deg.  cent  is  67.7  X  10~®  ohm  per  linear  inch 
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(26.4  mm.)  per  sq.  in.  (6.45  sq.  cm.)  of  cross-section.  It  is 
good  practise  to  allow  1000  amperes  per  sq.  in.  of  cross-section 
of  copper  conductor.  Then,  with  IWK)  amperes  to  the  sq.  in. 
of  cross-section,  the  drop  of  potential  per  linear  in.  becomes 
10*  X  67.7  X  10-»  =  0.677  X  10-»  volt,  or  0.677  millivolt  per 
linear  inch.  If  the  full  scale  reading  of  the  millivoltmeter 
is  20  millivolts,  the  distance  between  the  potential  points    a 

20 

and  b  (Fig.  4)  would  need  to  be  ^  a^^    =  29.2  +  in. 

0.677 

This  length  of  busbar,  to  be  used  for  the  purpose  of  a  shunt, 
could  be  obtained  behind  most  any  switchboard,  and  it  is  probable 
that  a  shunt  for  the  millivoltmeter  of  this  character  would  serve 
quite  as  well  and  perhaps  be  superior  to  the  shunts  ordinarily 
used.  For  these  latter  have  a  very  low  temperature  coefficient 
and  changes  in  the  temperature  of  the  room  will  increase  the 
resistance  of  the  millivoltmeter  without  increasing  in  like  degree 
the  resistance  of  the  shunt,  and  hence  there  is  no  automatic  com- 
pensation, as  in  the  case  discussed  above,  where  the  busbar  itself 
serves  as  a  shunt. 
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Fig,  5 


To  make  the  millivoltmeter  read  directly  in  amperes  requires, 
of  course,  that  the  constant  K,  in  equation  (8),  be  correctly 
chosen.  As  we  are  at  liberty  to  give  any  value  to  the  resistance, 
r2o,  it  will  always  be  possible  to  do  this. 

Measurement  of  the  Resistance  of  Underground  Mains,  An 
important  application  of  the  methods  above  described  for  meas- 
uring the  resistance  of  a  portion  of  a  closed  circuit  is  the  deter- 
mination of  the  resistance  between  two  selected  potential  points 
upon  an  underground  gas  or  water  main.  Underground  pipes 
are  subject  to  deterioration  from  electrolysis,  caused  by  **  tramp  *' 
currents  which  get  into  the  pipe  line  from  neighboring  electric 
trolley  roads.  The  electrolysis  occurs  when  current  leaves  the 
pipes.  It  becomes  important,  at  times,  to  be  able  to  measure 
quickly  and  accurately  the  current  which  flows  in  some  selected 
section  of  a  pipe  line.  It  is  evident  that  this  can  be  easily  ac- 
complished by  measuring  at  any  time,  with  a  millivoltmeter, 
the  potential  drop  between  the  points  on  a  section  of  pipe, 
provided  the  resistance  between  these  two  points  has  been  pre- 
viously determined.  The  method  shown  in  Fig.  5,  which  is 
a  slight  modification  of  those  described  above,  enables  this  re- 
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sistahce  to  be  measured  with  considerable  precision  while  the 
section  of  pipe  is  in  place  in  the  pipe  line. 

The  measurement  is  made  with  two  millivoltmeters  andjan 
ammeter.  One  or  two  cells  of  storage  battery  are  also  required. 
The  cells  of  storage  battery,  a  key  K  (Fig.  5)  and  the  ammeter 
A  are  joined  in  series  and  connected  at  two  places,  as  shown 
in  the  diagram,  to  a  section  of  pipe.  These  connections  are  best 
made  by  drilling  }-in.  (6.3-mm.)  holes  about  half  way  through 
the  pipe  wall,  and  driving  brass  plugs  into  them.  Heavy 
copper  wire  connections  may  then  be  soldered  to  the  brass  plugs. 
The  other  connections,  which  serve  as  potential  points,  may  be 
made  in  a  similar  manner,  but  smaller  holes  and  plugs  will  serve. 
There  should  be  as  much  separation  as  possible  between  a 
potential  point  and  the  place  of  connection  of  a  current  lead, 
and  these  should,  preferably,  be  located  at  the  ends  of  diameters 
of  the  pipe  which  form  with  each  other  an  angle  of  90  deg. 

It  is  well  to  take  one  set  of  readings  and  calcidate  the  resist- 
ance with  the  polarity  of  the  storage  cell  in  one  direction  and  then 
take  a  second  set  with  the  polarity  of  this  cell  reversed.  In  the 
mean  of  the  two  resistances  thus  obtained,  the  error,  which 
results  from  the  flow  lines  of  current  from  the  storage  cell  not 
being  parallel  with  the  section  of  pipe  between  the  potential 
points,  is  largely  eliminated.  This  is  specially  the  case  when 
there  is  considerable  current  flowing  in  the  pipe  from  oth^r  sources 
than  the  storage  cell. 

This  error  will  be  small,  however,  in  any  case,  if  the  distance 
between  a  potential  point  and  the  point  of  connection  of  a  cur- 
rent lead  is,  say,  twice  the  diameter  of  the  pipe  and  these 
terminals  are  located  as  above  suggested.  Referring  to  Fig.  5 
for  the  meaning  of  the  symbols,  we  have,  as  in  the  cases  given 
above : 

With  the  key  K  open, 

and  with  the  key  K  closed, 

£i  =  Cix  (2) 

Et  =  Cy  (3) 

and  C  =  Ci  +  A,  (4) 


from  which  we  find 


* A (5) 
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In  applying  the  method,  one  is  not  in  the  least  troubled  by  the 
sudden  variations  of  the  current  in  the  pipe  which  constantly 
occur,  because  £|'  and  Et'  are  read  simtdlaneously  to  obtain  the 
ratio  N  and  then,  again,  E\,  Et  and  A  are  read  simultaneously 
to  obtain  the  other  necessary  values.  Three  observers,  reading 
at  the  same  moment,  obtain  correct  values;  for  when  the 
current  varies,  a  variation  occurs  in  all  three  instnmients  at  the 
same  time,  the  proper  relation  between  the  readings  of  the  three 
instruments  being  always   maintained. 

This  method  was  carefully  tested  by  the  writer  upon  an  actual 
pipe  line  with  excellent  results.     The  essential  features  of  the 


-^Std 


Fia.  G 

test  are  given  to  show  how  the  measurement  works  practically, 
and  are  recorded  below: 

The  diameter  of  the  pipe  was  15  in.  (38  cm.).  Two  pipe  lengths 
were  uncovered  and  the  connections  to  the  pipe  sections  were 
made  at  distances  and  in  the  manner  shown  in  Fig.  6.  The 
method  embodied  the  use  of  two  cells  of  storage  battery,  which 
would  yield  on  short  circuit,  when  joined  in  parallel,  125  to  150 
amperes,  and  also  one  ammeter  reading  to  200  amperes  and  two 
millivoltraeters  giving  a  full  scale  deflection  with  20  millivolts. 
In  circuit  with  the  ammeter  and  storage  cell  a  single-pole  current 
switch   K  was  used.     The  following  readings  were  taken: 

E'\  and  E't  were  read  simultaneously.  The  current  in  the 
pipe  was  sufficient  for  the  purpose.  The  mean  of  nine  readings 
of  £i'  was  7.511  millivolts  and  the  mean  of  nine  readings  of  Et 

was  7.122  miUivolts.    Hence  the  value  of  the  ratio  —  was 
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There  were  then  taken  seventeen  sets  of  readings  of  Eu  E^  and 
A  with  the  positive  pole  of  the  battery  cell  joined  to  No.7 
terminal  (Fig.  6),  and  a  like  number  with  the  negative  pole  to 
this  terminal. 

The  following  table  exhibits  a  few  sample  readings. 


Current  -f  to  No.  7  Terminal 

Current  - 

•  to  No.  7  Terminal 

Ex 

milli- 
volts 

milli- 
volts 

A             X  "  ohms 
amixeres      for  7.916  ft. 

El 

tuilli- 
volts 

1       £i 

milh- 
1     volts 

i        .4 
amperes 

X  »  ohms 
for  7.916  ft. 

—6.8 
—6.2 
—8.3 

1.6 
1.8 
0.9 

116           0.0000731 
110      i     0.0000736 
127           0.0000728 

7.60 
7.8 
8.2 

0.4 

0.8 

'       1.0 

1     —102 

—  98 

1     —101 

0.0000703 
0.0000709 
0.0000707 

The  mean  value  deduced  for  X  with  the  current  from  the  stor- 
age cell  positive  to  terminal  No.  7  was  0.00007315  ohm,  and  with 
the  current  from  the  storage  cell  negative  to  terminal  No.  7, 
it  was  0.00007077  ohm.  The  mean  of  these  two  results  was 
0.00007196  ohm  for  a  length  of  the  pipe  of  7.916  ft.  There 
were  40  ft.  (12.2  m.)  of  No.  14  wire  used,  as  potential  leads,  to 
each  millivoltmeter.  Calculation  showed  that  to  correct  for 
the  resistance  of  these  leads  the  final  value  of  X  should  be  mul- 
tiplied by  1.088.  Doing  this  and  reducing  the  resistance  to  a 
length  of  one  foot  (304.8  mm.)  of  pipe,  the  final  value  found  was: 
9.91  microhms  per  foot,  at  65  deg.  fahr. 

The  test  was  defective  in  that  the  distances  between  potential 
points  and  points  of  attachment  of  current  leads  were  not  chosen 
as  great  as  they  should  have  been  and  were  all  made  on  the  top 
side  of  the  pipe.  The  "  tramp  •**  currents  in  the  pipe  were  large 
and  very  variable  at  the  time  of  the  test.  In  spite  of  this  the 
resistance  measurement  is  probably  correct  within  1.5  or  2  per 
cent,  and  should  have  been  better. 

It  was  found  in  this  test  that  care  had  to  be  exercised  to  give 
the  readings  of  the  three  instruments  the  proper  algebraic  signs. 
By  making  a  diagram,  like  Fig.  6,  before  beginning  the  test, 
errors  of  this  character  may  be  avoided. 

George  F.  Sever:  Assuming  that  this  method  of  Dr.  Hering's 
is  correct,  which  it  undoubtedly  is,  and  perfectly  available  for 
measuring  current  in  pipes,  what  are  we  going  to  say  in  court 
to  the  jury,  or  to  the  judge,  when  we  do  find  current  in  the 
pipe,  and  it  is  recognized  that  current,  when  leaving  a  pipe, 
under  most  circumstances,  causes  corrosion?  A  cooperative 
test  by  the  parties  in  interest  will  imdoubtedly  show  current  on 
the  pipe,  and  if  both  parties  in  interest  go  into  court  with  this 
statement,  it  becomes  a  very  difficult  matter,  at  least  for  the 
railroad  company,  to  defend  the  presence  of  current  on  these 
pipes. 

If  we  agree  that  one  ampere  on  a  pipe  causes  a  certain  amount 
of  electrolytic  effect  when  leaving  it,  and  then  find  100  or  200 
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or  even  500  amperes  on  a  pipe,  it  becomes  a  very  difficult  matter 
for  the  railroad  company  to  say  that  there  is  no  damage.  In 
other  words,  if  there  is  found  any  current  on  the  pipe,  might 
it  not  cause  damage  at  all  sorts  of  places,  and  can  the  railroad 
company,  which  is  alleged  to  put  the  current  on  the  pipe,  defend 
its  position? 

All  of  these  measurements  lead  up  to  interesting  technical 
conclusions,  but  the  real  common  sense  question  is,  how  are  we 
going  to  interpret  the  results? 

Edward  B.  Rosa:  We  have  been  making  some  study  of  this 
subject  at  the  Bureau  of  Standards.  Several  years  ago  we 
tried  the  method  Dr.  Hering  has  outlined,  before  we  knew  that 
it  had  been  used  by  him,  but  we  believe  that  it  is  not  generally 
necessary  to  determine  the  resistance  of  the  pipe.  You  cannot 
determine  the  current,  with  precision,  as  has  been  said,  as  it  is 
so  variable,  and  therefore,  it  is  not  necessary  to  determine  the 
resistance  with  precision.  We  have  found  that  the  resistances 
of  different  kinds  of  pipe  are  sufficiently  near  together,  so  that  we 
believe  it  is  practicable  to  prepare  a  table  of  resistances  for 
different  sizes  and  different  kinds  of  pipe.  We  have  obtained 
samples  of  different  kinds  of  pipe  used  for  gas  and  water,  and  have 
measured  the  resistance,  and  will  shortly  have  a  table  prepared, 
which  will  be  in  practical  form  for  the  use  of  engineers,  so  that 
they  may  be  required  only  to  measure  the  drop  in  potential  and 
take  the  resistances  out  of  the  table.  That  is  not  expected  to  be 
accurate,  as  the  pipes  may  have  corroded  to  some  extent,  but  it 
may  be  used  for  approximate  purposes,  where  approximate 
determinations  will  be  satisfactory,  and  the  table  will,  un- 
doubtedly, be  of  very  considerable  value. 

Alexander  Maxwell:  I  do  nqjb  think  that  Dr.  Hering  does 
entire  justice  to  Haber's  earth  ammeter,  in  describing  it  as 
merely  of  academic  interest,  or  in  stating  that  its  use  involves 
many  assimiptions.  I  have  used  it  extensively,  and  with  very 
good  results. 

By  means  of  this  instrument,  earth  currents  are  intercepted 
and  measured;  and  while  it  is  true  that  the  soil  conditions  are 
somewhat  altered,  that  is  of  little  importance  if  the  path  of  the 
ciurent  through  the  soil  is  of  any  considerable  length,  which  is 
nearly  always  the  case.  However,  it  is  generally  not  of  the  first 
importance  exactly  to  reproduce  the  normal  conditions  quantita- 
tively. It  is  of  much  greater  importance  to  determine  whether 
current  does  flow  or  not,  and  to  determine  its  direction  and  its 
source.  The  actual  normal  value  of  the  current  is  only  a  matter 
of  secondary  importance,  since  the  total  amount  of  current  lost 
from  an  entire  pipe  line  may  be  quite  accurately  determined  by 
other  means,  where  it  is  necessary  to  determine  it  at  all. 

In  my  opinion,  too  much  stress  is  sometimes  laid  upon  the  total 
amount  of  current  lost  from  a  particular  pipe,  or  from  a  system 
of  pipes,  since  this  is  often  a  matter  of  no  particular  importance. 
A  comparatively  small  amount  of  current  escaping  from  a  pipe 
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may  produce  corrosion  over  a  limited  area,  and  yet  the  whole 
pipe  will  be  made  useless,  just  as  though  it  had  been  corroded 
over  its  entire  surface. 

The  earth  ammeter  is  actually  a  very  useful  instrument,  and 
when  properly  used  it  is  capable  of  indicating  conditions  which 
are  otherwise  obscure.  Moreover,  when  its  indications  are 
observed  simultaneously  with  other  quantities,  such  as  potential 
difference,  or  the  main  current  flowing  in  the  pipe,  the  source 
of  stray  current  may  be  identified  by  means  which  involve  no 
questionable  assumptions.  Thus,  as  in  Fig.  7,  where  it  is  sus- 
pected that  current  is  escaping  from  a  pipe  and  flowing  to  a 
street  railway  rail,  the  earth  ammeter  may  be  placed  in  the  earth 
between  the  two  structures,  and  by  setting  it  successively  in  three 
planes  the  direction  of  the  stray  current  may  be  quite  definitely 
determined.  A  still  better  way  to  do  this  is  to  employ  three 
instruments,  set  as  above,  and  read  them  simultaneously. 

Measurements  such  as  these,  taken  simultaneously  with 
measurements  of  potential  difference  between  the  two  structures, 
constitute  good  evidence  of  the  existence  of  the  suspected  stray 
current,  and  good  evidence  of  its  identity.    It  is  even  better  to 


Fig.  7 


Fig.  8 


obtain  24-hr.  records  of  the  quantities,  by  means  of  recording 
instnmients. 

The  main  object  of  tests  of  this  character  is  to  prove  that 
stray  currents  from  some  suspected  source  do  actually  escape 
from  the  pipe  being  tested.  The  earth  ammeter  can  be  used  to 
indicate  the  escape  of  currents  much  smaller  than  those  which 
coidd  possibly  be  detcnnined  with  any  accuracy  by  even  the  most 
refined  methods  for  measuring  the  total  current  in  the  pipe. 
The  loss  may  be  even  less  than  one  per  cent  of  the  total  current 
in  the  pipe,  and  still  produce  measurable  indications  in  the  earth 
ammeter.  It  is  well  understood  that  even  such  small  currents 
may  produce  serious  corrosion,  and,  in  fact,  it  is  the  usual  con- 
dition that  stray  currents  flow  on  to  pipes,  and  escape  from  them, 
in  very  small  amounts,  as  reckoned  for  units  of  pipe  surface. 

Another  useful  application  of  the  earth  ammeter  for  the 
identification  of  stray  currents  consists  in  shunting  the  conduct- 
ing path  through  the  soil,  by  means  of  a  heavy  bond  connection 
between  the  two  structures  which,  with  the  soil,  constitute  the 
circuit    for  the  stray  current.     This  general  arrangement  is 
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shown  in  Fig.  8.  In  this  case,  if  the  earth  ammeter  shows  a 
certain  current  flowing  between  the  pipe  and  the  rail  with  the 
shunt  circuit  open,  and  this  earth  current  is  reduced  in  value 
when  the  shunt  circuit  is  closed,  excellent  evidence  is  obtained 
of  the  actual  flow  of  stray  current  through  the  earth. 

I  am  of  the  opinion  that  stray  earth  currents  can  be  detected, 
measured  and  identified  by  means  of  the  earth  ammeter,  in  cases 
where  a  sur\'^ey  based  merely  on  measurements  of  total  current 
in  the  pipes  would  not  adequately  indicate  all  of  the  places  where 
current  enters  or  escapes  from  the  undergound  structure  being 
investigated. 

With  regard  to  the  main  feature  of  Dr.  Hering's  paper,  namely, 
the  methods  of  calibrating  the  pipe  resistances,  I  have  employed 
the  last  method  described  in  the  paper  since  1908,  generally 
utilizing  the  stray  current  itself,  by  means  of  a  temporary  bond 
connection  to  the  street  railway  rails.  I  have,  however,  only 
found  it  necessary  to  calibrate  pipes  in  this  manner  for  very 
special  cases,  generally  finding  the  calculated  resistance  amply 
accurate,  since  measurements  of  such  fluctuating  quantities  as 
stray  railway  currents  cannot  be  even  observed  with  great 
accuracy. 

This  same  consideration  of  accuracy  affects  the  choice  of  in- 
struments, and  I  have  found  that  portable  pivoted  instruments 
of  relatively  high  sensibility  for  their  class  are  decidedly  prefer- 
able to  reflecting  instruments  as  used  by  Dr.  Hering.  In  short, 
a  large  number  of  significant  readings  of  moderate  accuracy 
provides  a  better  basis  for  preparing  a  case  than  a  few  observa- 
tions of  wholly  imnecessary  precision. 

Frank  Wenner :  This  method  that  Dr.  Hering  has  described 
for  measuring  currents  in  pipes  seems  to  be  a  perfectly  obvious 
method.  I  personally  know  of  a  number  of  persons  who  have 
thought  of  the  method,  and  I  should  like  to  point  out  that  it  was 
used  by  Professor  Adams  in  Columbus  about  fifteen  years  ago, 
and  in  that  particular  case — ^it  was  a  court  case  in  which  the 
matter  of  resistance  of  the  pipe  was  brought  into  question — ^he 
used  the  method  for  measuring  the  resistance  as  well  as  measur- 
ing the  current. 

In  this  particular  method,  a  high  degree  of  accuracy  cannot 
always  be  obtained,  especially  in  large  gas  pipes  if  the  current 
to  be  measured  is  comparatively  small.  The  difference  in 
temperature  between  the  two  points  of  the  pipe  to  which  the 
potential  connectors  are  attached  may  amoimt  to  a  degree  or 
even  to  two  degrees.  Since  the  thermo-electromotive  force 
amounts  to  about  fifteen  microvolts  per  degree  difference  in 
temperature,  if  the  potential  connections  are  copper,  serious 
errors  may  be  introduced  where  the  currents  are  small  and  the 
pipes  large  and  of  low  resistance.  The  thermo-electromotive 
force  may  cause  errors  either  when  the  method  described  by  Dr. 
Hering  is  used  or  when  the  ordinary  method,  using  a  sensitive 
millivoltmeter,  is  used. 
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Clayton  H.  Sharp:  In  electrolytic  surveys  and  studies  all 
methods  are  useful,  at  some  times.  Conditions  are  varied,  and 
while  in  general  the  method  of  estimating  the  resistance  of  the 
pipe  is  sufficient,  yet  there  are  times  when  a  method  like  the  one 
which  has  been  presented  to  us  in  this  paper  is  bound  to  be  use- 
ful. I  think  that  we  are  indebted  to  Dr.  Hering  for  bringing  it  to 
our  attention,  and  for  smoking  out  a  whole  lot  of  people  who  have 
been  using  it  and  saying  nothing  about  it. 

Carl  Hering:  Dr.  Sharp  has  already  answered  one  point 
which  came  out  in  the  discussion ;  when  members  of  a  profession 
like  ours  keep  their  methods  of  measurement  secret,  they  are 
not  doing  their  duty  to  their  colleagues  and  it  is  not  creditable  to 
them  to  come  out  afterwards  with  claims  of  priority  when  some- 
one takes  the  trouble  to  publish  a  description.  Moreover  I 
dp  not  admit  that  the  alleged  prior  methods  described  in  the 
discussion  were  really  the  same;  Professor  Ganz*s  certainly  was 
not. 

It  has  been  said  in  the  discussion  that  such  precision  as  is  in- 
dicated in  this  paper  is  not  necessary;  in  most  of  the  or4inary 
cases  it  is  not,  but  in  a  legal  case,  in  a  suit  in  court,  it  is  neces- 
sary or  else  the  results  will  not  be  sound  legal  evidence.  Further- 
more, one  of  the  principal  points  in  this  case  was  to  find  the 
current  entering  or  leaving  the  pipe,  and  unless  the  original 
currents  are  measured  accurately,  you  cannot  depend  on  their 
differences.  If,  for  instance,  one  is  100,  and  the  other  98,  an 
error  of  only  3  per  cent  in  these  measurements  may  even  change 
the  sign  of  the  result. 

Professor  Ganz  upheld  the  method  of  assuming  the  resistance 
and  then  measuring  the  current  with  a  millivoltmeter.  I  do 
not  believe  in  virtually  assuming  the  thing  you  are  going  to 
measure;  it  is  a  very  easy  way  to  get  results,  but  I  do  not  approve 
it.  It  is  moreover  dangerous  to  assume  a  resistance  for  a  pipe, 
for  the  reason  that  pipes  are  laid  much  thicker  in  the  valleys  than 
at  the  tops  of  hills,  and  the  gradations  are  rather  small;  for 
that  reason  alone  it  is  unsafe  to  assume  that  any  particular 
length  of  pipe  has  any  particular  thickness,  unless  you  have 
laid  the  pipe  yourself  and  know  just  what  the  thickness  is. 

As  to  the  24-hour  measurement  that  Professor  Ganz  spoke  of, 
it  is  hardly  necessary,  in  most  cases,  to  run  such  identification 
tests  for  24  hours.  In  fact,  a  measurement  continued  over  a 
period  of  one  hour  will  generally  give  you  two  saw-tooth  curves 
that  are  so  nearly  alike  that  you  have  enough  evidence  to  show 
the  court  that  the  street  railway  is  the  offending  party. 

I  do  not  wish  to  say  anything  against  Haber's  earth  ammeter, 
as  it  is  very  ingenious  and  undoubtedly  very  useful  for  certain 
purposes,  but  it  will  not  do  for  the  purpose  for  which  I  wanted 
these  measurements. 

As  to  who  originated  the  system,  that  is  of  little  general  in- 
terest. I  agree  with  Dr.  Sharp  that  a  person  who  has  used  some 
system  which  is  valuable  to  others  and  does  not  make  it  publis 


1482  MEASURING  STRAY  CURRENTS  [June  28 

in  a  paper  or  some  other  form  of  amiouncement,  has  no  moral 
right  to  come  out  afterwards  and  claim  originality. 

Carl  Hering  (communicated  after  adjournment) :  In  examin- 
ing more  carefully  such  broad,  vague,  general  and  sweeping 
claims  of  priority  as  those  made  in  this  discussion,  I  have  often 
found,  in  other  cases,  that  the  alleged  prior  method  was  not  the 
same  one  at  all,  but  that  it  lacked  the  very  elements  which  char- 
acterize the  method  whose  originality  is  disputed.  Several 
of  the  speakers  evidently  overlooked  the  important  statement 
that  this  method  was  devised  specifically  to  determine  the  cur- 
rent which  enters  or  leaves  a  pipe,  as  distinguished  from  the 
current  flowing  in  the  pipe;  for  the  latter  purpose  I  admit  that 
the  very  simple  method  of  assuming  the  pipe  resistance  would 
be  good  enough  for  many  purposes,  and  perhaps  even  for  some 
legal  cases;  but  I  do  not  believe  that  any  of  those  speakers  will 
claim  that  a  method  based  on  assumed  resistances  would  bft 
satisfactory  or  reliable  when  the  result  sought  is  a  difference 
between  two  readings  which  may  at  times  be  nearly  equal,  and 
when  a  lawyer  attempts  to  discredit  it  to  the  court. 

I  grant  that  Dr.  Northrup  devised  the  particular  modification 
described  on  page  1459  without  knowing  that  I  had  devised  ex- 
actly the  same  one  a  year  or  two  earlier;  I  preferred  to  use  the 
others  in  most  of  the  tests  because  the  instrvunents  I  had  to  use 
were  not  considered  to  be  sufficiently  reliable  for  this  method. 
I  cannot  grant  him,  however,  that  any  "  precision  and  gener- 
ality "  was  "  added  '*  when  he  devised  it  independently;  as  they 
are  identical,  one  cannot  be  more  precise  or  more  general  than 
the  other.  Whether  my  description  of  it  in  this  paper  was 
"  vague,*'  as  he  claims,  I  am  willing  to  leave  to  others  to  judge. 


A  ^Ptr  presented  al  the  29th  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28.  1912. 

Copyright,  1912.    By  A.  I.  E.  E. 


A  TUBULAR  ELECTRODYNAMOMETER  FOR  HEAVY 

CURRENTS 


BY  P.  G.  AGNEW 


Theory  of  Instrument 

To  obtain  the  same  current  distribution  for  both  alternating 
and  direct  current  it  is  usual  to  strand  the  windings  of  the  field 
coils  of  electrodynamometers,  and  the  strands  should  also  be 
thoroughly  mixed  so  that  all  shall  have  the  same  effective  resist- 
ance and  inductance.  For  very  heavy  currents  this  becomes  a 
matter  of  extreme  difficulty. 

In  the  present  instrument  an  entirely  different  means  of  ob- 
taining the  same  end  is  employed.  Evidently  the  ultimate 
requisite  in  an  instrument  for  transferring  from  alternating  to 
direct  current  is  that  the  torque  shall  be  the  same,  and  it  is 
immaterial  whether  we  make  the  current  distribution  the  same, 
or  the  field  due  to  the  current  the  same.  The  latter  is  the 
method  adopted.  There  is  no  theoretical  reason  why  the  current 
distribution  and  the  magnetic  field  could  not  both  be  allowed 
to  vary  if  it  could  be  shown  that  the  torque  did  not  change. 

The  field  "  coil  '*  of  the  instrument  consists  of  two  coaxial 
copper  tubes,  thus  giving  a  circular  magnetic  field  in  the  space 
between  the  tubes.  On  direct  current  the  distribution  may  be 
assumed  to  be  uniform  over  the  cross-section  of  the  tubes,  but 
on  alternating  current,  as  is  well  known,  the  stream  lines  are 
crowded  toward  the  outside  of  the  inside  tube  and  toward  the 
inside  of  the  outside  tube,  and  the  amount  of  this  change  depends 
upon  the  frequency.  But  it  may  easily  be  shown  that  if  we 
have  axial  symmetry  the  magnetic  field  at  any  point  is  independ- 
ent of  the  current  distribution.  Expressed  in  the  usual  terms, 
there  is  no  magnetic  field  between  the  tubes  due  to  the  outside 
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tube,  and  that  due  to  the  inside  tube  is  independent  of  the  skin 
effect,  but  it  is  better  to  consider  the  arrangement  as  a  special 
case  of  a  more  general  principle. 

Let  us  consider  a  generalized  toroid  such  as  would  be  formed 
by  rotating  any  closed  circuit  such  as  A  (Fig.  1)  about  an  axis. 
Wc  may  think  of  the  circuit  A  as  consisting  of  a  wire  carrying 
a  current,  and  similarly  of  the  surface  of  revolution  as  being 
a  current  sheet.  Or  we  may  think  of  the  surface  as  being 
wound  with  a  layer  of  wire  with  no  space  between  turns  and  thus 
becoming  an  endless  solenoid. 

It  has  been  shown  by  Maxwell*  and  by  Gray'  that  the  field 
at  any  point,  as  at  0,  is  independent  of  the  size,  shape  and  thickness 
of  the  conductor  and  depends  only  on  the  total  cturent  and  the 
distance  of  the  point  from  the  axis.  This  may  be  shown  by  a 
very  simple  process  of  reason- 
ing. The  all-important  con- 
dition is  axial  symmetry. 

Consider  a  circle  perpen- 
dicular to  the  plane  of  the 
paper,  and  cutting  it  in  the 
points  0  and  0'.  This  circle 
links  once  with  the  current. 
Henc2  the  line  integral  of  the 
magnetic  field  around,  this 
circle,  or  the  work  required  fig.  1-The  Generalized  Toroid. 
to  carry  a  unit  pole  around 

it,  is  4  TT  times  the  total  current,  or,  if  wc  remember  that  H 
is  uniform  around  the  circle, 

2Tr  RH=  Att  I 
H=  21 1 R 

The  value  of  H  at  any  point  within  is  thus  entirely  independ- 
ent of  the  dimensions  of  the  conductor,  provided  there  is  axial 
symmetry.  Hence  an  approximation  to  such  a  form  for  the 
current  coils  is  admirably  adapted  for  altemating-direct-current 
transfer  dynamometers,  since  it  is  independent  of  the  current 
distribution.' 

It  will  be  seen  that  the  concentric  tubes  form  an  approximation 

1.  **  Electricity  and  Magnetism,  "  Vol.  II,  Art.  681. 

2.  "  Absolute  Measurements,  "  Vol.  II,  page  278. 

3.  For  a  detailed  discussion  of  this  principle  and  its  application  to 
eloctrodynamometers,  see  Agnew  and  Fitch,  Elec.^Rev.  (Chicago),  60, 
p.  767,  1912. 
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to  a  toroid  or  an  endless  solenoid  of  one  turn.  It  can  only  be 
an  approximation  since  it  must  be  open  at  one  end  in  order  to 
introduce  the  current. 

Construction 

Fig.  2,  which  is  a  vertical  longitudinal  section  through  the 
instrument,  shows  the  general  arrangement.  The  tubes  are 
horizontal  in  order  to  allow  a  vertical  suspension,  and  the  moving 
coils  are  placed  astatically,  one  above  and  one  below  the  inner 
tube.  These  are  shown  in  the  plane  of  the  section  instead  of  - 
in  the  mean  working  position,  which  is  nearly  perpendicular 
to  the  plane  of  the  paper.  This  is  done  in  order  to  show  the 
shape  of  the  coils,  which  are  wound  on  ivory  frames.     They  are 
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Fig.  2 — Tubular  Dynamometer. 


held  together  by  fine  silver  wires,  one  on  either  side  of  the  inner 
tube,  as  indicated  in  the  figure. 

Phosphor  bronze  strip  suspensions  are  used,  and  two  air  damp- 
ing vanes  are  provided.  The  damping  boxes  are  oY  wood  and 
are  mounted  directly  on  the  outside  copper  tube.  The  instru- 
ment is  read  by  telescope  and  scale. 

Massive  copper  slabs  placed  pairallel  and  4  cm.  apart  serve  as 
current  terminals.  They  are  provided  with  5  bolts  so  arranged 
that  any  number  of  parallel  leads  up  to  5  may  be  connected 
symmetrically.  These  at  the  same  time  serve  as  supports  for 
one  end  of  the  instrument,  and  the  closed  end  is  supported  by 
an  oak  upright. 
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Water  cooling  is  provided  for  the  inside  tube  by  passing  water 
through  it,  but  no  special  means  are  provided  for  cooling  the 
outside  tube. 

While  the  very  heavy  copper  slabs  used  for  current  terminals 
tend  to  equalize  the  stream  lines  in  the  larger  tube  about  the 
axis  as  a  line  of  symmetry,  this  was  deemed  insufficient  for  the 
most  precise  work.  Accordingly  a  groove  5  cm.  wide  was  turned 
eccentrically  in  the  large  tube  near  the  open  end,  so  that  the 
groove  was  2  mm.  deep  on  the  top  of  the  tube  and  3  mm.  deep 
on  the  bottom.  When  finally  moimted  a  ciurent  was  passed 
through  the  instrument  and  equipotential  surfaces  laid  off  on 
the  tube.  By  a  small  amount  of  filing  the  eccentricity  of  the 
groove  was  adjusted  so  that  the  equipotential  surface  was  a 
plane  perpendicular  to  the  axis.  It  was  foimd  that  the  re- 
lation held  very  accurately  throughout  the  length  of  the  tube — 
the  distances  between  equipotential  surfaces  measured  at  dif- 
ferent points  on  the  circumference  differed  but  one  millimeter 
in  800. 

From  the  principle  of  axial  symmetry  outlined  above,  it  may 
easily  be  seen  that  no  error  due  to  skin  effect  in  the  closed  end 
will  enter.  For  this  reason  the  moving  coils  were  placed  one 
third  of  the  length  from  this  end  so  as  to  minimize  the  effect 
of  the  leading-in  cables,  etc.  Perhaps  a  foiuth  or  even  a  fifth 
would  have  been  better. 

Performance 

It  is  of  first  importance  to  determine  whether  the  instnunent 
is  affected  by  distribution  errors .  Rosa  has  described  an  indirect 
method*  for  making  this  determination  by  the  use  of  capacity 
in  the  moving  coil  circuit.  If  the  moving  coil  circuit  be  short- 
circuited  on  a  resistance  shunted  by  a  condenser  having  such  a 
value  that 

L  -=  CR^ 

where  L  is  the  self -inductance,  R  the  external  resistance  and 
C  the  capacity  shunted  around  it,  then  there  should  be  no  de- 
flection on  closing  the  circuit,  no  matter  what  the  position  of  the 
coil.  But  if  there  is  such  an  error  then  there  will  be  a  residual 
deflection. 

When  the  instrument  was  first  set  up  it  showed  no  such  error 
up  to  300  cycles.     But  after  it  had  been  in  service  some  time 

4.   Bulletin  of  the  Bureau  of  Standards,  3,  p.  43,  1907.    Reprint  No.  48. 
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this  same  test  showed  a  slight  error.  This  was  found  to  be  due 
to  an  extremely  slight  flexure  of  the  inner  tube  brought  about 
by  clamping  heavy  cables  and  lugs  to  the  massive  terminals, 
although  considerable  care  had  been  taken  to  obtain  a  secure 
mounting.  The  trouble  could  be  removed  by  springing  the 
tubes  by  means  of  clamps  placed  on  the  copper  slabs  which 
serve  as  terminals.  In  other  words  a  slight  departure  from  the, 
condition  of  axial  symmetry  introduces  a  distribution  error, 
and  this  can  easily  be  detected  and  corrected  by  a  purely  elec- 
trical test.  Strong  clamps  and  struts  (shown  in  dotted  lines 
in  the  figure)  have  been  arranged  to  hold  the  copper  slabs  in 
proper  position. 

Measurements  of  large  currents  by  means  of  a  current  trans- 
former whose  ratio  had  been  carefully  determined  were  in. 
substantial  agreement  with  the  indications  of  the  tubular 
dynamometer.  It  is  believed  that  the  instrument  is  accurate 
to  0.05  per  cent. 

It  was  found  necessary  to  put  loose-fitting  diaphragms  across 
the  tube  on  each  side  of  the  moving  coils  to  prevent  air  currents, 
for  such  currents  of  air  caused  considerable  unsteadiness  of 
the  reading,  even  for  comparatively  small  temperature  dif- 
ferences in  the  mass  of  copper  composing  the  instrument.  The 
diaphragms  effectually  removed  the  trouble. 

A  more  serious  difficulty  was  encountered  with  magnetic 
impurities  in  the  moving  coil.  The  requirements  here  are 
even  more  exacting  than  in  the  sensitive  moving  coil  galva- 
nometer, for  the  parts  of  the  moving  coils  nearest  the  inside 
tube  are  in  a  field  comparable  in  magnitude  to  the  flux  in  the 
air  gap  in  the  permanent  magnets  of  such  galvanometers.  The 
whole  directive  magnetic  force  exerted  on  the  coil  must  be 
vanishingly  small  or  the  zero  of  the  instrument  will  not  be 
the  same  with  current  on  that  it  is  with  current  off.  In  the 
galvanometer,  on  the  other  hand,  the  requirement  is  merely 
that  the  magnetic  force  on  the  coil  shall  not  vary  appreciably 
through  comparatively  small  angles. 

Finally  special  coils  were  wound  which  were  entirely  satis- 
factory. These  were  of  silver  wire  0.2  mm.  in  diameter,  silk- 
covered,  and  were  stated  by  Mr.  W.  N.  Goodwin,  Jr.,  of  the 
company  which  made  the  coils,  to  be  actually  diamagnetic.^ 

5.  Mr.  Goodwin  found  the  torque  acting  on  the  coils  and  tending 
to  maintain  them  at  right  angles  to  a  magnetic  field  having  a  strength  of 
1175  gausses  to  be  0.286  and  0.238  dyne-centimeters  per  radian,  re- 
spectively. 
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They  were  mounted  with  great  care  to  prevent  magnetic 
contamination  from  dust.  The  zero  is  precisely  the  same 
with  current  on  or  off. 

It  might  have  been  better  to  have  made  the  instrument  with 
two  independent  sets  of  moving  coils,  one  set  for  the  smaller  cur- 
rents, placed  very  close  to  the  inside  tube  where  the  field  is 
strongest,  perhaps  even  decreasing  the  diameter  of  the  tube 
for  the  purpose,  and  a  second  set  for  heavier  currents,  placed 
near  the  outer  tube.  This  would  extend  the  range  of  the  in- 
strument.    In  addition,  current  and  power  could  be  measured 

simultaneously. 

Constants  and  Dimensions 

Copper   slabs  for   current   terminals: 

Thickness 2.5    cm. 

Width 20 

Outer  tube: 

Length 101        cm. 

Radii 6.41  and  7.07     « 

Inner  tube: 

Length 126        cm. 

Radii 1.03  and  1.66     « 

Total  weight  of  instrument  (approximately)  80  kg. 
Moving  coils: 

Diameters  (approximately) 2.5   and   5   cm. 

116  turns  of  0.2  mm.  silver  wire 

Weight  of  each  coil 7 . 3  g. 

Moment  of  inertia,  each 12       g-cm.* 

Resistance: 

Coils  alone 12.2  ohms. 

Total  for  system 14 . 4     " 

Self-inductance 1.4    mh. 

Resistance: 

Outer  tube 8  microhms. 

Inner  tube 42  ** 

Complete  instrument 53  ** 

Power  consumed  (at  5000  amperes): 

Outer  tube 200  watts 

Inner  tube 1050      " 

Complete  instrument 1325      " 

Magnetic  field  at  center  of  coils  (approximately). . .     300  gausses 
Sensitivity: 

100  cm.  deflection  at  86  cm.  scale  distance  requires  100  amperes 

with  0.06  amperes  in  the  moving  coil. 
Capacity: 

With  water  cooling 5000  amperes 

Without  water  cooling 1200 

of  moving  coil  circuit 0  06 
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MEASUREMENT    OF    ALTERNATING    CURRENT    OF 

LOW  VALUE 


BY  M.  G.  NEWMAN 


Alternating-current  ammeters  of  the  dynamometer  type  when 
used  for  measuring  small  currents  are  usually  connected  so 
that  the  moving  coil  is  in  series  with  the  stationary  or  field  coils. 

As  the  instrument  has  no  iron  in  its  magnetic  field,  the  in- 
stantaneous values  of  the  flux  densities  in  the  moving  and 
fixed  coils  will  be  proportional  to  the  current.  The  torque 
will,  therefore,  be  proportional  to  the  square  of  the  current 
and  the  instrument  will  indicate  the  effective  value  of  the 
current. 

In  order  to  increase  the  sensibility  of  the  ammeter,  suspen- 
sions are  used  in  place  of  pivot  and  jewel  bearings.  The  weight 
of  the  moving  parts  and  the  size  of  the  suspension  are  made  as 
small  as  possible  without  having  the  period  too  long  or  the  instru- 
ment too  much  affected  by  external  disturbances. 

The  determination  of  small  alternating  currents  is  usually 
required  in  circuits  of  low  voltage.  It  is,  therefore,  necessary 
that  the  impedance  of  the  ammeter  shall  be  small,  as  the  volt- 
meter reading  must  include  the  potential  drop  in  the  ammeter. 

References 

"  Study  of  the  Current  Transformer  with  Particular  Reference  to 
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Electrical  Measurements  on  Circuits  Requiring  Current  and  Potential 
Transformers,  by  L.  T.  Robinson,  Transactions  A.  I.  E.  E.,  1909, 
XXVIII,  II,  p.  1005. 

National  Bureau  of  Standards,  Reprint  No.  130,  **  The  Determination 
of  the  Constants  of  Instrument  Transformers,"  by  P.  G.  Agnew  and 
T.  T.  Fitch. 
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and  this  should  be  ncgUgible  within  the  limits  of  accuracy  required 
by  the  test. 

In  examining  an  ammeter  for  sensibility,  two  things  should 
be  considered,  the  ampere  sensibility  and  the  impedance. 

The  square  of  the  current  multiplied  by  the  impedance  of  the 
instrument  gives  the  volt-amperes.  If  the  weight  of  the  moving 
coil  and  size  of  the  suspension  have  been  reduced  to  the  mini- 
mum limit,  the  ampere  sensibility  can  only  be  increased  by  in- 
creasing the  number  of  turns  in  the  coils;  but  if  the  size  and 
weight  of  the  coils  arc  kept  the  same,  the  resistance  and  induc- 
tance of  the  instrument  will  increase  approximately  with  the 
square  of  the  number  of  turns. 

The  voltage  necessary  to  give  a  deflection  of  a  certain 
amount,  therefore,  will  increase  as  the  current  sensibility  is 
increased.  Thus* for  very  low  reading  ammeters  the  impedance 
is  high,  and  if  measurements  are  to  be  made  in  a  circuit  of  low 
electromotive  force  the  error  in  the  voltmeter  reading,  due  to 
the  potential  drop  in  the  ammeter,  will  be  considerable. 

Separately  Excited  Dynamometers,  By  separately,  exciting 
one  of  the  elements  of  the  ammeter  by  current  from  a  phase- 
shifting  transformer,  the  sensibility  of  the  instrument  is  very 
much  increased.  Its  deflection  then  is  proportional  to  the  product 
of  the  amperes  in  the  moving  and  fixed  coils  times  the  cosine  of 
the  phase  angle  between  them. 

The  instrument  is  calibrated  as  a  wattmeter. 

W  =  krd,  where  '  (1) 

W  =  watts 

r  =  total  resistance  in  the  potential  drcuit 
d  =  the  deflection 
k  =  constant  of  the  instrument 

The  phase  position  of  the  current  in  the  separately  excited 
element  is  changed  by  the  phase  shifting  transformer  until 
the  reading  of  the  instrument  is  a  maximum. 

In  the  equation:  W  =  E  I  cosine  0,  (2) 

if  6  is  zero,  W  =  E  I 

Wave  Distortion  by  Phase-Shifting  Transformer.  The  angle 
of  shift  of  the  secondary  potential  of  the  phase-shifting  trans- 
former is  determined  by  the  position  of  the  secondary  winding 
relative  to  its  primary  winding,  and  is  independent  of  the  fre- 
quency.    If  the  impressed  wave  is  not  sinusoidal,  there  will  be 
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a  distortion  due  to  the  fact  that  each  harmonic  wave  which  makes 
up  the  complex  wave  is  shifted  the  same  number  of  degrees; 
but  each  with  reference  to  its  own  length  and  not  to  that  of  the 
fundamental.  For  this  reason  it  is  better,  in  general,  to  use  an 
approximate  sine-wave  generator. 

There  may  also  be  present  a  small  wave  distortion  due  to  the 
leakage  reactance  of  the  phase-shifting  transformer.  This, 
however,  is  very  small  and  in  general  may  be  neglected. 

Errors  Due  to  Wave  Form,  If  the  wave  form  of  the  currents 
in  the  two  elements  of  the  dynamometer  is  the  same,  the  above 
equation  (2)  is  strictly  correct,  but  this  is  seldom  the  case.  A 
brief  discussion  of  the  errors  of  the  method  is  necessary. 

Harmonics  of  current  present  in  only  one  element  of  the 
instrument  produce  no  torque.  Taking  an  example:  consider  a 
sine  current  wave  in  the  potential  circuit  of  the  dynamometer, 
and  in  the  current  coil,  a  current  wave  with  a  ftmdamental, 
the  effective  value  of  which  is  10  amperes,  and  a  third  harmonic 
with  an  effective  value  of  1  ampere:  the  effective  value  of  the 
complex  wave  will  be  VlO^  -f  1^  =  10.05  amperes,  but  the  dyna- 
mometer will  measure  only  the  fundamental  and  the  error  will 
be  0.5  per  cent. 

If  harmonics  other  than  the  fundamental  are  present  in  both 
elements,  torque  will  be  produced  by  those  of  the  same  frequency 
which  may  be  either  negative  or  positive,  the  sign  and  magni- 
tude depending  upon  the  phase  position  of  the  harmonics. 

As  the  errors  pointed  out  above  depend  upon  the  wave  shapes 
of  the  current  in  the  two  circuits  of  the  dynamometers,  it  is 
impossible  to  make  corrections  without  knowing  the  wave  forms. 

The  following  current  measurements  were  made  to  inves- 
tigate the  errors  of  the  method  and  a  comparison  was  made 
with  the  readings  of  a  dynamometer  ammeter  which  was  used 

as  a  standard. 

Tests 

Exciting  current  tests  were  made  on  a  telephone  transformer 
at  60  cycles: 

(a)  Using  the  separately  excited  dynamometer  as  an  ammeter. 
The  diagram  of  connections  is  shown  in  Fig.  1. 

(b)  Using  the  dynamometer  ammeter  with  connections  as 
shown  in  Fig.  2. 

Power  was  supplied  from  a  three-phase  Thomson-Houston 

smooth-core  alternator.  The  potential  waves  are  given  in  Curve  1. 

The  voltage  of  the  generator  is  575  at  60  cycles,  and  was 
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Stepped  down  through  5:1  step  transformers  with  their  primariei 
and  secondaries  connected  in  delta. 

With  the  amplitude  of  the  complex  wave  taken  as  100, 
the  following  amplitudes  of  the  harmonics  were  obtained  by 
analysis: 

Amplitude  of  the  fundamental 09 .  34 

**         «     «    3rd  harmonic 0.25 

«  «  5th     «   1.44 

«    «  «  7th     «*   0.71 

«  «  9th     «   0.44 

«  «  11th     «   0.21 

A  one-ampere  reflecting  dynamometer  wattmeter  was  used 
separately  excited.     The  resistance  of  the  current  element  of 


PHASE 


Fig.  1 — Diagram  of  Connections. 


this  instrument  is  4.8  ohms.  The  resistance  of  the  moving 
coils,  including  suspension  and  spiral,  is  about  30  ohms.  The 
constant  of  the  instrument  when  expressed  by  equation  (1) 
is  approximately  7  X  10~^,  where  c/ is  the  deflection  in  mm.  with 
the  scale  one  meter  distant  from  the  mirror. 

The  moving  element  of  the  instrument  was  separately  ex- 
cited, as  is  shown  in  Fig.  1,  and  the  current  was  maintained 
constant  by  means  of  an  adjustable  non-inductive  resistance 
(JRi)  and  voltmeter  (Fi). 

The  voltage  on  the  telephone  transformer  was  changed  by 
changing  the  taps  on  the  auto-transformer.  The  excitation  of 
the  generator  was  held  constant.  The  voltage  applied  to  the 
telephone  transformer  was  measured  by  (Vj).     This  included 
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the  potential  drop  in  the  current  coils  of  djmamometer,  which 
was  negligible. 

The  tests  were  repeated  using  a  reflecting  voltmeter  as  an 
ammeter,  with  connections  as  given  ia  Fig.  2.     The  resistance 
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Fig.  2 — Diagram  of  Connections. 

of  this  instrument  is  60  ohms  with  the  stationary  coils  con- 
nected in  parallel,  and  in  series  with  the  moving  coil.  The 
instruments  were  calibrated  by  potentiometer  with  direct  cur- 
rent. 


TABLE  I 
EXCITING  CURRENT  OF  TELEPHONE  TRANSFORMER  AT  60  CYCLES 


Separately  excited  dynamometer  method 


Ammeter 

method 

Flux  density 

lines  per 

Volts 

Amperes 

sq.  cm. 

328 

22.2 

0.00357 

406 

27.5 

0.00402 

488 

33.05 

0  004425 

509 

38.5 

0  00475 

ftSO 

44 

0.00505 

730 

49  4 

0.00537 

811 

54  9 

0  00554 

892 

60.4 

0.00580 

961.5 

65.1 

0.00595 

Flux  density 

• 

lines  per 

Volts 

Amperes 

sq.  cm 

346.8 

23.48 

0.00382 

416.5 

28.2 

0.00400 

490.5 

33.2 

0.00442 

560 

37.9 

0.00469 

632 

42.8 

0.005016 

694 

47 

0.00526 

765 

51.8 

0.00647 

834.5 

66.6 

0.006612 

1             978 

66.2 

0.006932 

The  results  of  tests  are  given  in  Table  I  and  Fig.  3. 

On  the  average,  the  agreement  of  the  two  sets  of  readings 
is  close,  but  variation  in  individual  readings  is  considerable. 
It  is  believed  that  this  trouble  may  have  been  due   to   the 
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unstable  magnetic  properties  of  iron  at  low  densities.  It 
would  have  been  better  to  have  coanccted  the  instruments 
so  that  the  measurements  could  have  been  made  simul- 
taneously. 

The  above  tests  cover  a  range  of  densities  from  300  to  900 
lines  per  sq.  cm.  In  order  to  carry  the  measurements  to  higher 
densities  and  to  obtain  larger  values  of  current  so  that  oscillo- 
graph records  could  be  taken,  additional  measurements  were 
taken  on  a  20-lb.  (9.07-kg.)  core  of  high  siUcon  steel  made  up 
of  7  by  10  by  0.014  in,  ring  punchings. 

This  core  was  wound  with     ^ 
140  turns  of  No.  12  B.  and 
S.  gage  copper  wire,  the  re-     a 
sistancc  of  which  was  about 
0.1  ohm.  " 

A  diagram  of  connections  3 . 
is  given  in  Fig.  4.     Portable  S " 
instruments  were  used  alto- 
gether in  taking  readings  on 
the  20-lb.  core. 

A  potential  of  100  volts 
was  impressed  upon  the  po- 
tential coil  of  the  wattmeter. 
The  readings  of  the  watt- 
meter were  divided  by  100  to 
obtain  the  current  readings 
given  in  Table  II,  column  4. 

It  can  be  seen  from  Fig.  4 
that  the  current  in  the  volt- 
meter (Vi)  was  included  in 
the  reading  of  the  ammeter, 
but  as  this  was  not  a  test  on  the  iron,  it  was  unimportant. 

The  method  of  procedure  was  the  same  as  before.  The  phase- 
shifting  transformer  was  adjusted  until  the  reading  of  the  watt- 
meter was  a  maximum.  The  voltage  on  the  potential  coil  was 
then  adjusted  to  read  100  and  A,  Vt  and  W  were  read. 

The  results  are  given  in  Table  II  and  Fig.  5. 

From  Fig.  5,  it  is  seen  that  below  a  density  of  6000  lines 
per  sq.  cm.  the  error  is  very  small.  Curves  2  and  3  show  the 
exciting  ciurent,  and  the  potential  waves  impressed  upon  the 
wattmeter  from  the  phase-shifting  transformer.  Curve  2  was 
taken  at  5000  lines  per  sq.  cm.      The  effective  value  of  the  ex- 
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citing  cmrent  was  0.271   amperes.     Anal3rses  of  the  current 
and  potential  waves  give  the  following  results: 

(The  amplitude  of  the  harmonics  is  expressed  in  percentages 
of  the  amplitude  of  the  complex  wave.) 

Current  Potential 

Fundamental 94. 1  98.0 

3rd  harmonic 17.1  0.9 

5th         "         3.82  2.0 

7th          **         1 .  77  negligible 

9th          "         1.58  0.4 

11th         "         0.88  0.4 
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Fig.  4 — Diagram  of  Coxnectio.ns. 


The  elTective  values  of  the  harmonics  of  the  current  are  given 

below : 

Effective 
amperes 

Complex  wave 0.271 

Fundamental 0.2G6 

3rd  harmonic 0.048 

5th  "         0.010 

7th         «         0.005 

9th         "         0.004 

11th         "         0.002 

Assuming  that  no  torque  is  produced  by  the  harmonics  in 
the  current  wave,  an  error  of  1.8  per  cent  will  be  introduced. 
This  agrees  very  closely  with  results  obtained  by  tests. 

Curve  3  was  taken  at  a  density  of  15,400  lines  per  sq.  cm. 
The  effective  value  of  the  exciting  current  was  4.85  amperes. 

The  analysis  of  the  current  wave  gives  the  following  results : 
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(the  amplitude  of  the  harmonics  is  given  in  percentages  of  the 
amplitude  of  the  complex  wave) 

Current 

Fundamental 49.6 

3rd  harmonic 28.9 

5th         «        10.9 

7th        «        4.5 

9th         «        1.6 

nth         «        0.2 

The  effective  value  of  the  fundamental  in  this  case  is  4.05 
amperes,  which  would,  if  the  potential  wave  from  the  phase- 
shifting  transformer  were  sinusoidal,  make  an  error  of  16. 5  per 
cent  in  the  results. 

The  actual  tests  gave  3.91  amperes,  or  an  error  of  over  10 
per  cent. 

Measurements  of  Capacity  Current  of  0,5- Microfarad  Con" 
densers.  Readings  given  in  Table  III  were  made  by  the  separ* 
ately  excited  djmamometer  and  by  the  dynamometer-ammeter. 


TABLE  III 

CAPACITY  OP   MICA  CONDENSER  AT  60  CYCLES  BY  SEPARATELY 
EXCITED  DYNAMOMETER  AND  BY  AMMETER  METHODS 


Volts 

Axnpores 

Microfftnds 

By  dynamombtbr 

100 

0.0184 

0.485 

100 

0.0183 

0.486 

100 

0.01848 
By  ammbtbr 

0.488 

50.8 

0.00946 

0.403 

The    values    of   capacity    were   calculated    from   the  current 
readings,  using  the  following  formula,  which  is  for  a  sine  wave: 


C  = 


2t/£ 


The  difference  in  the  results  by  the  two  methods  is  less  than 
2  per  cent. 

The  condenser  previously  measured  at  0.6  sec.  charge  and 
1  sec.  discharge  by  ballistic  galvanometer  gave  a  capacity  of 
0.4990  microfarad. 

Sensibility  of  Separately  Excited  Ammeter.  In  order  to  obtain 
comparative  measurements,  it  was  necessary  to  use  curreiits 
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of  comparatively  large  value.  For  this  reason  the  one-ampere 
coils  were  used  in  the  wattmeter  dynamometer. 

By  varying  the  excitation  of  the  moving  coil,  it  is  possible  to 
make  current  measurements  over  an  enormously  large  range 
without  changing  the  current  coils. 

The  sensibilities  of  the  instrument  with  different  field  coils 
are  given  below: 


Rated  current- 
carrying  capacity 

0.17  amperes 

1.0 

3.0  • 


Resistance 


154.0  ohms 
4.8       • 
0.53     ■ 


Amperes 


Deflection 


3  X  10-* 
2  X  10^ 
1  X  10-* 


10  mm. 
10    • 
10     " 


By  using  the  stationary  coils  as  the  separately  excited 
element  with  ftdl  excitation,  the  following  sensibilities  may  be 
obtained: 


500-tum  moving  coil 
65-     •  •         • 


Resistance 


400  ohms 
65 


Amperes 


Deflection 


3  X  10-^ 
3  X  10-* 


10  mm 
10    ■ 


Prom  the  above  values  it  is  seen  that  an  ammeter  of  very 
great  sensibility  is  easily  obtained.  It  has  the  advantage  over 
a  great  many  high-sensibility  ammeters,  in  that  the  suspension 
and  moving  parts  are  comparatively  rugged,  and  the  instru- 
ment is  not  easily  troubled  by  outside  disturbances. 

Discussion  of  Results 

It  has  been  shown  by  the  above  tests  that  comparatively 
large  errors  may  occur  if  the  separately  excited  ammeter  is  used 
to  measure  the  exciting  current  of  sheet  steel  at  high  densities. 

The  complex  exciting  current  wave  may  be  considered  to  be 
composed  of  a  sinusoidal  component  and  a  distorting  component. 
At  high  densities  this  distorting  component  is  large  and  the  sinu- 
soidal component  is  small  in  comparison.  This  large  distorting 
component  is  due  to  the  rapid  rate  of  change  of  reluctivity  during 
the  magnetic  cycle.  At  extremely  low  magnetic  densities  the 
reluctivity  may  be  even  higher  than  that  above  the  knee  of  the 
curve,  but  the  distorting  component  is  not  great  because  the 
reluctivity  remains  more  nearly  constant.  As  the  density  is 
lowered  the  exciting  current  wave  approaches  the  sinusoidal 
form. 
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The  results  of  test  indicate  that  below  a  density  of  6000 
lines  per  sq.  cm.,  the  errors  obtained  when  using  the  separately 
excited  dynamometer  do  not  exceed  2  per  cent.  The  results 
are  always  low  since  harmonics  other  than  the  fundamental 
produce  no  torque.  The  total  range  of  measurements  covered 
densities  from  300  to  15,000  lines  per  sq.  cm. 

Of  course,  the  wave  distortion  will  vary  with  different 
samples  of  steel,  depending  upon  the  shape  of  the  saturation 
curve. 

Conclusions 

The  sensibility  of  a  dynamometer-ammeter  is  greatly  in- 
creased by  separately  exciting  one  element  from  the  phase- 
shifting  transformer. 

Large  errors  are  introduced  when  such  an  instrument  is 
used  to  measure  exciting  ciurent  of  sheet  steel  at  high  densities. 

Measurements  may  be  made  of  the  exciting  current  of  sheet 
steel  at  densities  below  6000  lines  per  sq.  cm.  with  very  small 
error. 

Because  of  the  limited  time  available  for  making  these 
tests  several  parts  of  the  original  outline  had  to  be  omitted,  but 
although  the  investigation  is  limited  and  incomplete  the  useful- 
ness of  the  method  is  apparent  for  measuring  exciting  current  of 
sheet  steel  at  low  densities. 

The  writer  wishes  to  acknowledge  the  great  assistance 
rendered  by  Mr.  F.  Dakin  in  making  the  tests  and  preparing 
this  paper. 


A  paptr  pr€S9nUd  ai  the  80th  Annual  Con- 
MwffOfi  qf  Uu  American  InstUuU  of  BUctncal 
Bnginters,  Boston,  Mass.,  Jnn€  28,  1012. 

Coprright.  1012.    By  A.  I.  B.  B. 


TO     MEASURE    AN    ALTERNATING-CURRENT 

RESISTANCE  AND  COMPARE  IT  WITH  THE 

DIRECT-CURRENT  RESISTANCE— 

ELECTRODYNAMOMETER 

METHOD 


BY  EDWIN  F.   NORTHRUP 


For  comparing  an  alternating-current  and  a  direct-current 
resistance  by  the  electrodynamometer  method  in  a  precise 
manner,  the  apparatus  required  is  a  frequency  meter  to  measure 
the  frequency  of  the  current  used  (whidi  must  be  known,  as  the 
quantity  being  measured  will  vary  with  frequency),  an  alter- 
nating-current ammeter  to  give  roughly  the  value  of  the  current 
(for  the  alternating-current  resistance  will  also,  in  general,  depend 
upon  the  value  of  the  current),  a  three-point  double-throw 
switch  for  quickly  changing  connections,  resistances,  and  an 
electrodynamometer.  This  last  piece  of  apparatus  should  have 
sufficient  capacity  in  its  current  coils  to  carry,  without 
heating,  the  full  current.  Its  hanging  or  potential  coils  should 
be  two  in  number,  and  so  arranged  as  to  form  a  System  which 
is  perfectly  astatic  in  respect  to  the  earth's  field.  The  constant 
of  the  instrument  will  then  be  the  same  for  direct  and  alter- 
nating currents.  All  good  electrodynamometers  are  constructed 
in  this  way.  Either  the  Rowland  deflection  type  or  Siemens  type, 
constructed  to  be  astatic,  may  be  used.  The  method  to  be 
described  was  tested  with  a  Rowland  deflection  type  electro- 
dynamometer. ^ 

Description  of  Circuits  and  Theory  of  Method 

In  I  and  II,  Fig.  1 ,  G,  G,  are  the  fixed  coils  and  A,  A,  the  hanging 
astatic    system    of    the    electrodynamometer.      The    hanging 
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system  has  an  ohmic  resistance,  a,  and  there  is  joined  in  series 
with  this  a  non-inductive  resistance,  p'.  Let  p'  +  a  =  p,  the 
entire  resistance  of  the  hanging  coil  system.  In  the  instrument 
referred  to,  the  resistance  a  is  about  18  ohms.  It  has  a  minute 
inductance,  which  is  approximately  0.00045  henry.  When  p' 
is  moderately  large  and  non-inductive,  we  may  consider,  without 
sensible  error,  that  the  alternating  current  through  the  hanging 
system  is  in  phase  with  its  e.m.f.  even  when  the  frequency  is 
high.    We  shall  so  consider  it  in  all  that  follows. 

A  represents  a  coil  which  contains  iron.  It  is  assumed  that  this 
coil  has  a  certain  ohmic  resistance,  Rdc,  as  measured  by  direct  cur- 
rent, and  a  different  resistance,  /?,  as  measured  by  an  alternating 
current  of  a  given  value,  wave  form,  and  frequency.  It  is  this 
latter  resistance  (not  the  impedance  or  inductance  of  i4)  which 
the  method  will  enable  us  to  determine.  The  resistance,  r,  is  any 
resistance  capable  of  carrying  the  full  current.  It  may  be  a  coil 
inductively  wound  but  it  must  not  contain  iron  or  have  such  a 


II 


b        r  p 


b   r  I         . 
P 


Fig.  1 


section  and  resistivity  that  its  resistance  on  alternating  current 
will  be  different  from  its  resistance  on  direct  current,  due  to 
hysteresis,  skin  effect,  or  other  cause.  By  a  sliding  contact, 
P,  means  must  be  provided  for  tapping  this  resistance  at 
any  point  along  its  length,  as  the  diagram  illustrates,  p  is  a 
non-inductive  resistance,  which  is  equal  to  a  +  p\  the  re- 
sistance of  the  hanging  coil  circuit.  As  will  be  shown  later, 
the  connections  can  instantly  be  changed  from  the  arrange- 
ment shown  in  I  to  that  shown  in  II  and  vice  versa. 

We  wish  first  to  find  the  general  expression  for  the  power 
which  the  wattmeter  measures  when  the  connections  are  those 
shown  in  I,  Fig.  1.  Call  /  the  current  in  the  fixed  coils  of  the 
dynamometer.  Call  i  the  current  in  the  hanging  coil  circuit. 
Call  ip  the  phase  angle  between  the  currents  i  and  /.  Then 
the  deflection  of  the  dynamometer  is 


D  ^  K\I  i  cos  ip 


(1) 
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where  Ki  is  the  instrumental  constant  of  the  dynamometer. 
This  constant  in  the  case  of  a  deflection  instrument  of  the  Row- 
land type  will  change  slightly  with  the  magnitude  of  the  deflec- 
tion. There  is  also  an  inductive  action  of  the  current  in  the 
fixed  coil  which  tends  to  induce  a  current  in  the  hanging  coil 
circuit  when  the  plane  of  the  movable  system  is  not  vertical 
to  the  plane  of  the  fixed  coils.  This  inductive  action  may  vary 
in  a  complicated  way,  so  equation  (1)  cannot  be  taken  as  strictly 
true.  If,  however,  the  system  is  deflected  by  means  of  the  tor- 
sion head  when  there  is  no  current  through  the  instrument,  so 
that  when  current  is  introduced  the  system  is  brought  back  to 
the  position  where  its  plane  is  vertical  to  the  plane  of  the  fixed 
coils,  then  the  inductive  action  is  null  and  the  relation  given  by 
equation  (1)  may  be  considered  to  hold  very  exactly.  In  the 
use  of  the  dynamometer  which  follows,  the  system  should  be 
deflected  bv  means  of  the  torsion  head  when  there  is  no  current 
flowing,  to  such  an  extent  that,  on  introducing  current,  the 
instrument  reads  roughly  at  the  zero  of  the  scale.  With  this 
precaution  observed,  the  theoretical  relations  will  be  found  to 
hold  very  exactly. 

If  we  call  V  the  impressed  e.m.f .  between  the  points  a  and  i, 
I,  Fig.  1,  then  the  current  through  the  hanging  coil  circuit  will 
be 

•  _      ^      ^    v_ 

'  ~  a  +  p'^    p  (2) 

As  above  stated,  the  current  i  will  be  approximately  in  phase 
with  the  e.m.f.,  F,  because  the  inductance  of  the  hanging  coils  is 
very   minute. 

By  equations  (1)  and  (2)  we  have 


-  1  vco^ip  (3) 


D  =  —  I  Vcosip 


But  /  F  cos  if  is  the  entire  power,  Wt.  This  power  is  the  sum  of 
two  parts,  W,  the  power  consumed  in  A  (I,  Fig.  1)  between  the 
points  a  and  b,  and  W\  the  power  consumed  in  the  hanging  coil 
circuit.    The  value  of  this  latter  is 


V2 
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Thus  we  have 


or 


P 


-f(-  +  7) 


(8) 


(6) 


From  equation  (6) 


w-  P   n      ^ 


and  from  equation  (6) 


^'  =  £^  (8) 


7* 

—  is  generally  a  small  quantity,     p  is  known  very  precisely 

and  V  can  be  obtained  with  a  voltmeter,  hence  equation  (7) 
enables  the  true  power  spent  in  A  to  be  accurately  obtained. 
It  is  equation  (8),  however,  which  we  wish  to  use  in  measuring 
the  alternating-current  resistance  of  A. 

With  the  connections  as  shown  in  I.  Fig.  1,  the  torsion  head  is 
turned,  so  that,  with  the  current  (as  steady  as  possible)  which  is 
flowing,  the  deflection  reads  near  the  zero  of  the  scale.  The  total 
power  then  being  registered  is  given  by  equation  (8). 

The  connections  are  now  quickly  changed  to  those  shown  in 
II.  The  main  current  will  not  be  altered  by  this  change  in  con- 
nections, for  the  resistance  p  is  simply  made  to  change  places 
with  an  equal  resistance.  The  total  power  which  is  registered, 
however,  will  now  be 

^^'    '     K,  (9) 

when  £)'  is  the  deflection  which  the  dynamometer  now  gives. 
The  contact,  p,  is  moved  along  the  resistance,  r,  until  the  deflec- 
tion D'  is  made  equal  to  the  deflection  D,  then  W/  will  be  equal 
to  Wt, 

Since  the  main  current,  /,  is  the  same  for  the  connections  I 
and  II,  we  have 

Wt  =  P  R'  =  P  r'  (10) 

or 

R'  =  r'  (11) 
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Here  the  qiiantity  R'  is  not  the  alternating-current  resistance 
of  the  coil  A  but  it  is  the  alternating-current  resistance  of  this 
coil  when  shunted  with  the  non-inductive  resistance  p.  Sixn- 
ilarly  r'  is  the  alternating-current  resistance  of  r  when  shunted 
with  the  non-inductive  resistance  p. 
We  can  write 

R'^     ^^^K  andr'=:-^* 

9  +  R  P+\r 

The  alternating-current  resistance  of  two  i)arallel  circuits  when 
one  or  both  of  the  branches  contain  reactance  is  not  given  by  the 
same  expression  as  applies  when  the  branch  circuits  are  without 
reactance;    hence  the  ordinary  expression  for  branch  circuits 

without  reactance,  namely       ,    ^ ,  must  be  mtdtiplied  by  some 

factor  K  the  value  of  which  we  now  have  to  determine:  also  the 
factor  k.  It  is  shown  in  "  Alternating  Currents  "  by  Bedell  and 
Crehore,  pages  238  to  241,  how  the  alternating-current  resist- 
ance, or,  as  they  call  it,  the  eqtuvalent  resistance  of  any  number 
of  parallel  circuits  having  seU-induction  and  carrying  alternating 
current,  may  be  expressed.    It  is  there  shown  that  in  g^ieral 


A  __   R\        J Rt  .  "^j      R 

R^^  +  x\^  '^  R2^  +  xt^    "^     •  •     *  ^  iP  -I-  *• 

and 

D  X\  ,  Xt 


Ri^  +  xi«   ^  i2,»  +  x,»  ^      "  "  ^    iP  +  «« 

in  which  expressions  Ri,  Rt,  etc.,  are  ohmic  resistances  and 
xu  X2t  etc.,  are  reactances  of  the  several  branches. 

We  can  now  find  expressions  which  will  give  the  values  of 
K  and  k. 


Here  we  have 


1+  « 


and 


p    '    iP  +  ** 


B  CO  =    nT-r r- 
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We  cannot,  because  of  the  necessity  of  brevity,  give  here  the 
purely  algebraic  processes  required  for  obtaining  the  final  ex- 
pressions, so  we  shall  present  only  the  final  results,  which  are 
as  follows: 

p  X* 


K  =  l  + 


[(R  +  py+x^R 


*=l+       ^-^^^ 


[(r  +  p)*  +  XiMr 


Call  the   fractional  expressions  a  and   ai  respectively,   then 
K  ^  1  +  a  and  k  =  I  +  ai. 
This  gives 

*    ,-  (1  +  a)  =.-/-.-(l+aO. 


p  +  R   '     '      '      p  +  r 

It  will  be  shown  that,  in  general,  when  a  sensitive  electrodyna- 
mometer  is  used,  a  and  ai  are  very  small  quantities  which  in  most 
cases  can  be  neglected. 

We  have  the  following  cases: 

1.  a  and   ai  are  negligible.     Then 

R  =  r  (12) 

2.  a  and  ai  are  not  negligible  but  are  very  nearly  equal. 
Then  again  R  =  r 

In  these  two  cases  the  alternating-current  resistance  sought 
may  be  taken  as  numerically  equal  to  the  resistance  r. 

3.  ai  =  o  but  a  is  not  negligible.     In  this  case 

R  =  r  ^        - 


4.  a  and  ai  are  not  negligible  and  are  unequal,  but  p  is  very 
large.     Then  again  we  can  take  R  =^  r. 

Consideration  of  a  single  example  of  the  third  case  will  suffice 
to  show  the  magnitude  of  the  error  which  may  be  introduced  by 
omitting  the  correction.  The  example  chosen  is  from  an  actual 
measurement.  With  the  electrodynamometer  available,  only 
1/10  ampere  could  be  passed  through  the  fixed  coil  and  hence, 
the  potential  drop  over  tHie  coil  A  and  over  the  resistance  r  being 
small,  the  resistance  p  had  necessarily  to  be  taken  very  small  to 
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give  the  reqtiisite  sensibility.  If  the  dynamometer  coils  could 
have  carried  (as  is  ordinarily  the  case)  several  amperes,  p  would 
have  been  much  larger  and  the  error  would  be  much  less.  In 
the  example  ai  =  Oy  and    ' 

^^  p{2TNLy 


[(R  +  py  +  (2TNLy]R 

300  (2  X  3.14  X  60  X  0.036)« 

[  (11  X  300)«  +  (2  X  3.14  X  60  X  0.036)«1  11 

or  a  B  0.052  nearly. 

Hence 

R  =  r ^r:r  «  0.848  r.. 

l+0052|ij 

Thus  if  we  had  called  R  ^  r  the  error  would  have  been  about  6.2 
per  cent,  R  being  assumed  too  large.  This  conclusion  was 
checked  experimentally.  Without  changii^  the  ohmic  resistance 
of  the  coil  A ,  its  inductance,  which  was  capable  of  variation,  was 
varied  from  0.003  to  0.036  henry,  and  in  the  first  case,  using 
the  uncorrected  formula,  22  »  10.94  ohms,  and  in  th.e  second 
case,  using  the  same  formula,  Ji  =  11 .62  ohms,  or  six  per  cent 
too  large,  which  is  in  fairly  close  agreement  with  the  calculated 
result  of  5.2  per  cent. 

If  the  fixed  coils  of  the  dynamometer  had  been  made  to  carry 
10  amperes  instead  of  1/10  ampere  p  could  have  been  100  times 
as  large,  in  which  case  the  correction  factor  would  reduce  to  about 
0.05  percent. 

The  above  adjustments  having  been  made,  direct  current  can 
be  made  to  replace  the  alternating  current  and  in  the  same  way 
we  find  the  direct-current  resistance  of  ^4.    It  will  be 

R^^n  (U) 

Hence 

R        r 


Ric      n  (1») 

is  the  ratio  of  the  alternating-current  to  the  direct-current  resist- 
ance of  the  circuit  A .   This  ratio  may  take  a  value  of  two  or  more. 


1508        NORTHRVP:  ELECTRICAL    hlEASVEEUENTS  [June  28 


It  should  be  clearly  understood  just  what  is  meant  by  the 
quantity  R  which  this  method  measures.  It  is  a  quantity 
which,  expressed  in  ohms  and  multiplied  by  the  square  root  of 
the  mean  square  value  of  the  alternating  current  through  the 
circuit,  expressed  in  amperes,  will  give  the  square  root  of  the 
mean  square  value  of  that  component  of  the  impressed  e.m.f- 
expressed  in  volts  which  is  in  phase  with  the  current.  Or,  it  is 
the  quantity  which,  when  multiplied  by  the  mean  square  value 
of  the  current,  will  give  the  power  in  watts  which  is  being  dissi- 
pated in  the  circuit.  In  drawing  the  triangle  of  e.m.fs.  of  an 
inductive  circuit  one  sometimes  represents  the  component  of 
the  e.m.f.  which  is  phase  with  the  current  by  the  product  of 
the  current  and  the  direct-current  resistance,  Ku.  This  pro- 
cedure may  lead  to  considerable  error  in  circuits  in  which  there 


are  other  losses  than  the  /*  Rdc  losses.    In  such  circuits  the  alter- 
nating-current resistance.  R,  should  always  be  used. 

Method  of  Execution 

For  making  the  above  measurement  the  apparatus  is  assembled 
and  connected  as  shown  in  Fig.  2. 

D  is  the  electrodynamometer  with  its  hanging  system  h. 
The  heavy  or  light  wire  fixed  coils  arc  used  according  to  the  mag- 
nitude of  current  with  which  the  measurement  is  to  be  made. 
The  light  wire  fixed  coils  will  carry  (in  the  Rowland  instrument) 
0.1  ampere  and  the  heavy  wire  coils  will  carry  50  amperes. 

C  is  the  alternating-current  ammeter  and  F  the  frequency 
meter.  P  is  a  rheostat  to  control  the  main  current;  j  is  a  switch 
to  shift  from  direct  current   to  alternating  current   and   vice 
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versa.  5  is  a  three-point  double-throw  switch  which  in  position 
(1)  makes  the  connections  shown  in  I  and  in  position  (2)  makes 
the  connections  shown  in  II,  Fig.  1.  r  is  best  obtained  from  a  slide 
wire  rheostat  of  considerable  current  capacity.  It  does  not  need 
to  be  non-inductive,  but  must  contain  no  iron.  If  its  re-' 
actance  is  just  equal  to  that  of  the  coil  being  measured,  a  »  ai 
and  R^  r  exactly. 

After  the  settings  for  p  have  been  found,  the  connections  are 
broken  at  (3)  and  (4)  and  the  direct-current  resistance  value 
of  f  is  measured  with  a  Wheatstone  bridge  or  by  any  other  con- 
venient means. 

The  resistances  p  and  p'  may  be  obtained  best  from  plug  or 
dial  decade  resistance  boxes.  These  may  be  high,  10,000  ohms 
or  so,  depending  entirely  upon  the  current  used,  the  magni- 
tude of  the  resistance  being  measured,  and  upon  the  sensibility 
of  the  instrument. 

The  torsion  head  may  be  turned  so  that  the  no-current  deflec- 
tion is  between  100  and  200  divisions  of  the  scale.  By  then 
adjusting  p  the  deflection  with  current  on  may  be  made  to  come 
near  the  zero  of  the  scale. 

It  will  be  found,  if  A  consists  of  an  ironless  variable  standard 
of  inductance,  that  the  variable  standard  may  be  set  to  any 
inductance  value  without  much  altering  the  deflection.  The 
change  in  the  deflection  will  be  less  as  p  is  made  larger. 

This  method  will  be  found  useful  in  measuring  the  alternating- 
current  resistance  of  steel-cored  copper  or  aluminum  cables, 
which  differs  considerably  from  their  direct-current  resistance. 

The  following  test  of  this  method  was  made  for  the  purpose  of 
showing  how  large  a  correction  would  be  required  when  p  was 
chosen  only  300  ohms  and  L  was  varied  between  0 .003  and  0 .036 
henry. 

The  resistance  measured  was  that  of  a  variable  standard  of 
inductance,  which  should,  of  cotu-se,  show  the  same  value  on 
direct  and  alternating  current,  at  whatever  value  its  inductance 
is  set. 

(a)    L       -  0.003  henry. 

With  alternating-current  in  circuit. 


Dt 

=  244  (no  current). 

D 

=  £>'  =  0  (current  flowing). 

R 

«  r  =  10.94  ohms. 

I 

=  0.08  ampere. 

N 

=  60.2  cycles. 

P 

=  300  ohms. 
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{h)    L  =  0 .  036  henry. 

With  alternating-current  in  circuit. 

Di  =  253  (no  current). 

D  =  /?'  =  0  (current  flowing). 

R  =  r  =  11.62  ohms. 

/  =0.08  ampere. 

N  =60.2  cycles, 

p  =  300  ohms. 

With  direct-current  in  circuit. 
Dt     =  244  (no  current). 
D      =  /?'  =  0  (current  flowing). 
Rdc    =  r  =  10.94  ohms. 
Idc     =0.08  ampere. 
p       =  300  ohms. 
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Discussion  on  **  A  Tubular  Electrodynamometer  for 
Heavy  Currents  "  (Agnew), 

**  Measurement  of  Alternating  Current  of  Low  Value  " 
(Newman), 

'*  To  Measure  an  Alternating-Current  Resistance 
and  Compare  it  with  the  Direct-Current  Resist- 
ance— Electrodynamomktpir  Method  '*  (Northrup), 
Boston,    Mass.,    June    28»    1912. 

W.  H.  Pratt:  Dr.  Agnew 's  paper  tells  about  the  usual  pro- 
cedure in  making  a  wattmeter  for  high  current  measurements, 
by  stranding  the  conductor.  Now,  stranding  the  conductor 
must  necessarily  be  done  in  a  very  careful  manner,  otherwise 
troubles  will  be  encountered,  but  it  performs  twa  functions: 
it  prevents  the  formation  of  eddy  currents  due  to  the  field 
of  the  current  coil  itself,  and  it  also  prevents  the  formation  of 
eddy  currents  due  to  induction  from  the  moving  coil.  In  an 
instrument  in  which  you  are  going  to  get  the  highest  possible 
sensibility  it  would  seem  that  this  should  be  taken  account  of. 
I  see  no  reference  to  this  in  the  paper. 

In  a  discussion  of  the  paper  presented  by  Sharp  and  Crawford, 
at  the  Jefferson  meeting  of  the  Institute,  in  1910,  I  gave  a  brief 
description  of  a  reflecting  dynamometer  which  we  constructed 
some  two  and  a  half  years  ago  for  doing  substantially  the^same 
work  that  the  instirument  described' here*  is  intended  for.  The 
two  instruments  differ  in  this  way:  The  instrument  described 
in  Dr.  Agnew's  paper  is  evidently  an  attempt  at  making  an 
instrument  of  which,  from  its  geometrical  constants,  the  accuracy 
characteristics  can  be  determined.  The  instrument  which  we 
constructed  was  an  instrument  so  designed  that  we  were  able 
to  compare  its  performance  directly  with  instruments  of  very 
small  capacity  in  order  to  determine  the  limits  of  its  accuracy. 
The  instrument  that  we  constructed,  I  think,  is  much  more 
flexible  than  the  one  here  described,  because  we  can  use  it  with 
the  highest  kind  of  accuracy  in  currents  as  low  as  50  or  25,  or 
even  10  amperes,  and  then  can  immediately  go  to  2000  amperes 
capacity.    The  heating  of  the  conductor  is  negligible  in  any  case. 

The  limits  of  accuracy  of  this  type  of  instnunent  would  seem 
to  depend  fully  as  much  on  the  character  of  the  suspension  as 
on  the  other  characteristics,  and  I  am  very  much  surprised 
at  the  statement  that  one-half  of  one-tenth  per  cent  is  thought 
possible,  although  one-tenth  of  one  per  cent  certainly  is  definitely 
possible  with  the  instrument  that  we  worked  with. 

J.  D.  Ball:  In  reference  to  the  paper  Measurement  of 
Alternating  Current  of  Low  Value,  mention  is  made  of  the  use 
of  a  portable  wattmeter  as  an  ammeter,  by  which  Fig.  5  was 
derived. 

This  arrangementlis  of  considerable  value  for  meastuing  low 
currents,  below  the  range  of  the  portable  alternating-current 
ammeters.  An  ordinary  portable  wattmeter  with  full^eld 
utilizes  in  the  moving  coil  about  0.04  amperes  for  full  scale 
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deflection.  Separately  exciting  the  field  coil  to  the  full  rating, 
and  passing  the  current  to  be  measured  through  the  moving 
system,  gives  an  ammeter  scale  of  0  to  0.04,  which  is  consider- 
ably better  than  an  ordinary  alternating-current  portable  am- 
meter, having  the  advantage  of  a  uniform  scale,  instead  of  a 
scale  of  squares.  When  the  current  is  smaller  than  can  readily 
be  measured  by  this  means,  the  reflecting  dynamometer  is,  of 
course,  the  correct  instrument  to  use. 

It  is  often  the  case  that  measurements  of  this  kind  are 
desired,  and  there  is  no  phase  shifter  convenient.  In  such  an 
event,  good  results  may  be  obtained  by  the  use  of  resistance 
and  reactance  in  series  with  the  separately  excited  coils  and 
'*  juggling  '*  until  maximum  reading  is  obtained. 

When  using  the  phase  shifter,  instead  of  obtaining  a  maximum 
deflection,  it  is  perhaps  more  satisfactory  to  obtain  zero  deflec- 
tion and  to  read  the  ammeter  after  a  phase  shift  of  90  degrees. 

It  also  happens  that  small  currents  are  to  be  measured  when 
the  circuit  is  non-inductive,  or  the  phase  relations  are  definitely 
known,  in  which  cases  the  separately  excited  wattmeter  may  be 
used  without  phase  shifter  or  resistance  and  reactance  in  circuit. 

Small  voltages  may  be  measured  by  the  same  general  method, 
by  exciting  the  current  coils  of  a  reflecting  dynamometer  and 
connecting  on  the  moving  coils. 

Frank  Wenner :  Dr.  Agn^w  asked  me  to  make  a  few  remarks 
in  regard  to  his  paper,  and  particularly  in  reference  to  a  change 
which  has  been  made  since  the  paper  was  sent  in.  In  the  paper 
mention  is  made  of  the  fact  that  the  clamping  of  heavy  lugs  in 
making  connections  with  the  instrument  had  sprung  the  inner 
tube  in  such  a  way  as  to  throw  the  arrangement  out  of  symmetry, 
and  that  later  the  end  terminals  were  clamped  to  prevent  this. 
It  was  found  very  difficult  always  to  prevent  a  slight  amount  of 
springing  in  connecting  very  heavy  leads,  so  a  change  has  been 
made.  A  slight  flexibility  is  secured  by  cutting  a  circle  10  cm. 
in  diameter  from  the  outside  copper  slab  which  serves  as  a  cur- 
rent terminal.  The  inside  tube  passes  centrally  through  this 
10-cm.  disk  of  copper,  and  the  latter  fits  into  the  hole  in  the  cop- 
per slab  from  which  it  was  cut,  the  electrical  connection  being 
obtained  by  amalgamating  the  joint.  This  gives  the  desired 
flexibility. 

M.  G.  Lloyd:  In  connection  with  the  measvurement  of  very 
small  alternating  currents,  it  may  be  of  interest  to  mention 
another  instrument  for  that  purpose,  known  as  the  thermo- 
ammeter,  which  has  some  partictdar  characteristics  which  make 
it  valuable  for  that  purpose.  Besides  being  a  very  sensitive 
instnunent,  it  can  be  constructed  without  appreciable  inductance, 
if  necessary,  and  that  is  particularly  valuable  in  many  classes 
of  high-frequency  work,  such  as  wireless  telegraphy.  The 
thermo-ammeter  has  a  heating  element  which  is  in  the  main 
circuit.  The  heal  developed  in  this  resistor  is  applied  by  radia- 
tion to  a  small  thermocouple  which  is  in  the  moving-coil  circuit 
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of  an  ordinary  d'Arsonval  movement.  You  consequently  get 
the  characteristics  of  the  direct-current  instrument  in  the 
indicating  part  and  have  all  the  advantages  of  the  hot-wire 
instrument  in  the  energy-producing  or  actuating  part  of  the 
instrument.  The  great  difficulty  which  I  found  with  such  an 
instrument,  however,  was  the  extreme  slowness  of  the  action. 
I  think,  perhaps,  that  could  be  improved  by  a  better  design; 
but  it  had  that  feature,  which  is  to  some  extent  common,  per- 
haps, to  all  hot-wire  or  heating-element  instruments. 

In  using  a  dynamometer,  of  course,  great  gain  can  be  made 
by  having  an  auxiliary  current  in  the  field,  as  the  author  has 
pointed  out  in  this  paper.  The  great  disadvantage  comes  in 
in  the  case  of  wave  distortion,  which  is  always  found,  of  course, 
in  the  use  of  coils  containing  iron.  It  occurs  to  me  that  the  instru- 
ment might  be  used  to  great  advantage  in  that  case,  by  putting 
a  similar  coil  in  the  field  circuit.  By  using  iron  of  about  the  same 
quality  and  saturated  to  about  the  same  amount  with  flux,  the 
wave  distortion  might  be  made  approximately  the  same,  and  the 
instrument  might  then  be  used  for  that  purpose.  As  the  author 
has  shown,  it  can  hardly  be  so  used  imder  the  conditions  which  he 
described. 

It  seems  to  me  a  word  of  appreciation  of  Dr.  Agnew's  work 
would  be  in  order  here.  This  dynamometer  for  heavy  currents 
which  he  has  designed  seems  to  have  eliminated  all  the  ordinary 
sources  of  trouble  in  a  dynamometer  for  such  extremely  high 
current.  He  has  covered  all  the  heretofore  practical  objections 
in  the  design  and  use  of  such  an  instrument,  and  it  looks  as 
though  he  had  really  solved  the  problem  of  the  measuring  of 
large  currents. 

Taylor  Reed:  With  reference  to  Dr.  Northrup's  paper,  he 
has  indicated  the  measurement  of  alternating-current  resistance, 
to  use  his  term,  to  a  considerable  degree  of  refinement;  in  fact, 
to  a  greater  degree  of  refinement  than  is  necessary  for  most 
measures  at  commercial  frequencies.  Dr.  Northrup  speaks  in 
particular  of  the  imsteadiness  of  the  circuit,  and  the  difficulties 
arising  from  that,  and  he  uses  a  very  quick  switch  thrown  back 
and  forward,  which,  of  course,  eliminates  nearly  all  of  the  error. 
In  making  similar  measurements  I  have  sometimes  found  it 
convenient,  where  two  dynamometers  are  available,  or  where  the 
measurements  are  being  made  with  commercial  instnunents, 
like  wattmeters,  to  use  two,  one  connected  to  what  you  might 
call  a  self -calibrating  resistance  continually,  and  the  other 
switching  back  and  forward  from  the  calibrating  resistance  to 
the  imknown,  or  measured,  resistance.  Any  violent  fluctuation 
in  the  alternating-current  source,  to  which  the  line  may  be 
very  much  subject,  is  readily  shown,  and  in  case  the  current  is 
persistently  unsteady  can  even  be  allowed  for  within  moderate 
limits. 

This  subject  of  measuring  conductors  under  alternating- 
current  conditions  is  increasingly  important.    For  instance,  the 
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old  discussion  has  gone  on  for  a  long  time  between  copper  and 
aluminiim  until  it  has  come  to  seem  as  though  there  were  no 
other  conductors;  whereas  if  we  run  over  the  elements,  one 
after  the  other,  we  come  to  the  fact,  which  is  a  very  true  one, 
although  very  ludicrous  in  its  impracticability,  that  metallic 
soditun  is  a  great  deal  cheaper  than  either  of  them.  But,  of 
course,  the  use  of  steel  has  been  made  necessary  on  accoimt  of 
its  strength  for  long  spans,  copper-clad  steel,  in  particular, 
having  become  of  practical  value.  Also,  considering  the  whole 
range  of  measurements  at  high-frequency  alternating-current, 
it  does  seem  as  if  some  better  term  for  this  quantity  which  is 
measured  than  "  altemating-cturent  resistance  "  or  "  effective 
resistance  ''  should  be  provided  for  general  use. 

A.  L.  Ellis:  I  have  been  very  much  interested  in  the  tubular 
electrodynamometer  reported  by  Dr.  Agnew  for  measuring 
heavy  currents,  as  I  have  met  the  necessity  for  a  dynamometer 
of  this  type  very  frequently  in  my  work.  I  have  also  used  the 
water-cooled  dynamometer  referred  to  by  Mr.  Pratt  and  can 
testify  to  its  accuracy. 

There  is  one  point  that  seems  diflScult  to  overcome  in  the 
tubular  dynamometer  and  that  is  the  distribution  of  the  current 
through  the  tubes  and  the  location  of  the  tubes  to  bring  every- 
thing coaxial,  and  maintain  this  condition. 

In  case  of  the  water-cooled  dynamometer,  such  disturbances 
do  not  exist,  because  the  current  terminals,  themselves,  are  two 
heavy  copper  bars  that  can  be  placed  one  directly  over  the  other, 
with  sufl5cient  insulation  between  them,  and  securely  bolted  to 
the  base,  making  a  rigid  construction.  Attaching  the  leads 
does  not  disturb  the  location  of  any  of  the  parts  affecting  con- 
stant of  instnunent  to  an  observable  extent.  The  tubes  forming 
the  field  coils  of  the  dynamometer  are  attached  to  the  further 
ends  of  the  heavy  copper  bars.  The  turns  of  the  current  coil 
can  be  so  arranged  that  the  astatic  moving  coils  can  be  readily 
removed  from  the  field  without  disassembling.  The  great 
difficulty  with  all  of  these  instnunents  is  the  suspension.  If 
we  could  only  get  rid  of  this  suspension,  we  would  get  rid  of 
practically  all  the  trouble  in  connection  with  the  water-cooled 
dynamometer.  There  is  one  other  point  in  connection  with  the 
water-cooled  dynamometer  that  must  be  borne  in  mind,  and 
that  is,  you  must  be  sure  iron  does  not  get  into  the  pipe  forming 
the  current  coils.  Iron  will  sometimes  get  into  the  circulating 
water  from  the  iron  service  pipes,  but  this  is  readily  over- 
come by  passing  the  water  through  a  glass  vessel,  used  as  a 
settling  chamber  for  the  circulating  water. 

Edward  B.  Rosa:  One  very  great  advantage  of  the  tubular 
dynamometer  that  has  not  been  mentioned  is  the  fact  that  there 
is  such  a  small  stray  field.  The  magnetic  field  is  between  the 
tubes,  and  there  will  be  absolutely  no  stray  field,  if  the  tubes 
are  long  enough.  There  is,  of  course,  some  around  the  end,  but 
the  stray  field  at  those  places  is  extremely  small.     With  an 
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electrodynamometer  using  coils  of  such  character  that  the 
magnetic  field  extends  a  considerable  distance  from  the  instru- 
ment, errors  may  be  introduced  due  to  the  presence  of  metallic 
masses  in  the  neighborhood  of  the  instrument  or  in  the  parts  of 
the  instrument.  In  the  case  of  a  dynamometer  for  measuring 
heavy  currents,  such  as  several  thousand  amperes,  the  stray 
field  may  be  very  considerable.  In  the  tubular  dynamometer, 
however,  the  magnetic  field  is  almost  completely  included 
between  the  inner  and  outer  tubes,  and  this  is  a  very  great 
practical  advantage.  This  instrument  has  been  thoroughly 
investigated,  and  there  is  no  serious  difficulty  in  respect  to  the 
centering  of  the  tube.  Fortunately,  there  is  a  definite  test  that 
can  be  applied  to  show  that  the  current  is  symmetrically  dis- 
tributed. 

L.  T.  Robinson:  With  regard  to  the  measurement  of  small 
alternating  currents,  I  think  I  might  bring  out  one  point  quite 
clearly.  We  have  three  things  which  have  been  referred  to  in 
the  discussion:  the  series-connected  dynamometer,  the  thermal 
instnmient  in  which  substantially  a  D' Arson val  galvanometer 
is  used  on  the  thermocouple,  and  the  separately  excited  dyna- 
mometer, which  is,  of  course,  as  has  been  mentioned,  subject  to 
some  errors.  The  conditions  as  to  sensitiveness,  etc.,  that  can 
be  met  \\4th  these  instruments  do  not  conflict.  The  series 
dynamometer  can  be  used  up  to  a  certain  point.  After  that 
we  can  use  the  thermal  instrument,  and  away  beyond  that  in 
sensibility,  as  I  have  found  it  in  my  work,  is  the  separately 
excited   dynamometer. 

P.  G.  Agnew;  In  regard  to  the  tubular  dynamometer.  Dr. 
Wenner  has  already  mentioned  the  fact  that  a  somewhat  flexible 
connection  to  the  inside  tube  has  been  secured  by  cutting  one  of 
the  heavy  copper  slabs  serving  as  current  terminals  and  using 
an  amalgamated  joint. 

Mr.  Pratt  has  raised  the  question  whether  there  may  not  be 
errors  due  to  eddy  currents  in  the  copper  tubes  caused  by  cur- 
rent in  the  moving  coil.  At  commercial  frequencies  no  error 
whatever  could  be  detected  due  to  this  cause.  Even  at  900 
cycles,  with  full  rated  current  in  the  moving  coil  and  the  field 
system  short-circuited,  the  deflection  does  not  exceed  0.1  mm. 
at  any  part  of  the  scale. 

The  point  made  by  Mr.  Ellis  in  regard  to  iron  imptuities 
settling  in  the  copper  tubes  which  form  the  field  system  of  his 
instrument  is  a  very  interesting  one.  The  only  part  of  our  in- 
strument which  needs  water  cooling  is  the  inside  tube,  and  as 
there  is  no  mapictic  field  inside  this  tube  there  is  not  much 
chance  of  the  sediment  causing  trouble  by  becoming  magnetized. 
However,  it  may  be  well  to  adopt  the  suggestion  as  an  added 
precaution. 


A  paper  PnsenUd  at  the  20th  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28,  1912. 

Copyright.  1912.    By  A.  I.  E.  E. 


ELECTRICAL    MEASUREMENTS    WITH    SPECIAL 
REFERENCE  TO  LAMP  TESTING 


BY  EVAN  J.  EDWARDS 


Perhaps  there  is  no  kind  of  testing  for  commercial  results 
that  requires  more  accurate  electrical  measurements  than  the 
testing  of  incandescent  lamps.  All  incandescent  lamps  are 
very  sensitive  to  changes  in  the  electrical  conditions  of  the  cir- 
cuit. A  change  of  1  per  cent  in  pressure  brings  about  a  change 
of  5.7  per  cent  in  luminous  intensity  for  carbon  lamps  and  3.7 
per  cent  for  timgsten  filament  lamps.  There  is  a  corresponding 
change  in  the  life,  but  of  a  magnitude  four  to  five  times  as 
great. 

An  average  deviation  of  luminous-intensity  readings  of  0.4 
per  cent  from  the  arithmetical  mean  is  obtainable  with  good 
photometric  apparatus,  calling  for  a  voltage  accuracy  of  0.1 
per  cent  in  the  same  precision  measure.  0.1  per  cent  is  generally 
considered  good  enough  for  life  testing  also,  even  though  the 
life  is  affected  more  than  the  luminous  intensity  by  a  given 
change  in  pressure,  the  justification  being  that  the  individual 
variation,  inherent  in  a  group  of  supposedly  similar  lamps,  is 
considerable. 

It  seems  safe  to  say  that  photometric  and  lamp  testing  labora- 
tories should  maintain  an  accuracy  of  0.1  per  cent  in  their 
electrical  measurements,  that  is,  the  electrical  measurements 
should  furnish  results  which  have  little  probability  of  being 
in  error  by  more  than  0.1  per  cent.  Not  only  shoxdd  the  in- 
struments be  capable  of  better  than  0.1  per  cent  accuracy  in 
reading,  but  also  calibrations  should  be  sufficiently  accurate 
and  frequent  and  with  sufficiently  well  established  standards 
to  insure  an  accuracy  of  0.1  per  cent  in  the  final  result. 
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It  may  be  of  interest  to  consider  the  things  upon  which  ul- 
timate electrical  accuracy  depends  and  the  methods  made  use 
of,  in  the  engineering  department  of  the  company  with  which 
the  writer  is  connected,  for  obtaining  this  desired  degree  of 
electrical  accuracy. 

The  accuracy  of  electrical  measurements  may  be  said  to 
depend  first  on  the  accuracy  of  the  instrument,  and  second  on 
the  care  and  skill  exercised  by  the  observer. 

An  investigation  of  instrument  accuracy  involves  first  the 
testing  of  the  mechanical  characteristics.  A  voltmeter  must 
have  a  friction  drag  of  less  than  the  accuracy  desired  in  the  result 


in  order  that  it  may  be  safe  and  convenient  to  use.  The  elec- 
trical and  mechanical  characteristics  must  be  such  that  the 
reading  corresponding  to  a  given  pressure  is  closely  the  same 
throughout  a  range  of  temperature  and  change  in  position  such 
as  will  be  encountered  in  use.  Also,  the  process  of  calibration 
and  the  basic  standard  must  be  of  sufBcient  precision.  A  care- 
ful comparison  with  a  potentiometer,  using  standard  cells  of 
proved  accuracy,  taking  readings  up  and  down  seals  and  for 
both  directions  of  current,  combined  with  a  clooc  inspection, 
furnishes  a  complete  test  of  the  instrument.  Fig.  1  shows  re- 
sults from  a  test  on  an  a-c.  instrument. 
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Surely  all  electrical  instruments  in  a  lamp  testing  laboratory 
should  be  tested  periodically  and,  moreover,  it  is  desirable 
that  the  results  be  recorded  in  chronological  order.  The  ad- 
vantages of  maintaining  a  record  are  self-evident.  All  instru- 
ments in  the  engineering  department  are  calibrated  periodically 
according  to  a  fixed  schedule  and  the  results  are  recorded  in 
a  graphical  form  which  furnishes  at  a  glance  the  past  History 
of  the  instrument.  The  frequency  of  calibration  depends  upon 
the  use  to  which  the  instrument  is  put;  for  example,  a  laboratory 
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standard  alternating-current  voltmeter  used  for  checking  the 
voltage  on  the  life  test  racks  is  checked  with  the  potentiometer 
daily.  The  curve  of  Fig.  2  shows  the  record  of  this  particular 
instrument,  over  the  past  six  months.  Since  this  instrument 
is  maintained  at  nearly  constant  temperature,  being  in  con- 
tinuous service,  and  is  undisturbed  in  position,  it  is  interesting 
to  note  that  the  record  is  what  may  be  termed  a  life  curve  of 
the  dynamometer  type  of  instrument.  The  change  of  cali- 
bration is  no  doubt  due  to  the  weakening  of  the  spring. 

A  new  standard  cell  is  obtained  regularly  twice  per  year, 
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in  addition  to  others  obtained  as  needed.  Two  are  kept  apart 
at  all  times  as  reference  standards  and  are  used  only  for  check- 
ing the  cells  used  regularly  on  the  potentiometers.  This  pro- 
gram in  connection  with  the  continuous  graphic  history  in  the 
calibration  of  a  large  number  of  instruments,  practically  elim- 
inates all  possibility  of  error  or  drift  in  the  value  of  the  unit 
used  as  a  basis  for  the  laboratory  work. 

The  subjective  factor  which  enters  into  meter  reading  is  an 
important  one  and  one  seldom  given  sufficient  attention. 
Aside  from  the  ordinary  care  and  judgment  required  in  the  use 
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of  electrical  instruments,  the  accuracy  depends  on  the  skill  of 
the  observer  in  precise  reading.  The  reading  involves  two 
kinds  of  subjective  errors,  the  accidental  or  indeterminate  such 
as  occur  in  all  measurements,  and  the  error  due  to  a  mistaken 
idea  as  to  the  scale  position  corresponding  to  the  various  tenths 
between  smallest  division.  Among  untrained  observers  there 
is  also  a  favoritism  shown  for  certain  digits,  as  is  shown  by  Fig. 
3,  which  records  the  percentages  of  various  digits  representing 
the  estimation  of  tenths  for  a  large  number  of  readings  for  one 
particular  observer  who  has  a  preference  for  certain  digits, 
especially   zero. 
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Fig,  4  shows  two  meter  setting  curves  which  were  obtained 
by  averaging  the  curves  for  a  large  number  of  observers,  and  which 
are  fairly  typical.  The  deviation  of  ths  "  setting  "  curve  from 
the  straight  line  is  a  measure  of  the  error  in  the  average  obser- 
ver's idea  as  to  the  position  of  the  various  tenths,  and  the  devi- 
ation curve  is  a  measure  of  the  accuracy  which  the  average 
observer  can  attain  in  the  setting  of  the  pointer  in  the  posi- 
tion which  he  thinks  is  the  correct  one.  No  doubt  the  setting 
curve  is  what  would  be  expected,  the  positions  between 
five  tenths  and  ten  tenths  being  in  error  by  about  the  same 
amount  as  those  from  zero  to  five  tenths,  but  in  the  opposite 
direction,  showing  that  the  average  observer  obtains  the  upper 


ATTEMPTED  SETTINQ 

Fic.  4 — Precision  of  Metek  Rbadii4< 


values  by  subtracting  a  certain  distance  from  the  upper  line,  in 
the  same  manner  that  he  obtains  the  lower  ones  by  adding  the 
same  distance  to  the  lower  line.  The  five-tenths  point  is  about 
right,  as  would  be  expected.  Tests  have  shown  that  various 
observers  show  vastly  different  but  reproducible  characteristics 
both  from  the  standpoint  of  error  in  idea  as  to  position  and 
of  precision  of  setting.  This  is  especially  true  of  the  precision 
of  setting.  Some  have  a  low  average  deviation  from  the  mean  for 
the  line  and  midway  positions  and  others  at  the  intermediate 
values.  This  test  is  valuable  in  that  it  furnishes  a  measure  of 
both  the  {lircctional  and  unavoidable  errors  to  be  expected; 
more  than  that,  it  allows  the  observer  to  correct  his  mistaken 
idea  which  previously  was  not  known  to  exist. 
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It  was  fotind  that  for  every-day  use  on  photometric  equip- 
ment, the  precision  attainable  with  portable  instruments  was 
not  sufficient  to  furnish  the  desired  accuracy,  and  as  a  result 
large  laboratory  standards  and  deflection  potentiometers  were 
substituted.  The  scales  of  these  can  be,  in  most  cases,  read  to 
the  nearest  0.1  per  cent  without  estimation  of  tenths. 

The  indicating  instrument  used  for  the  continuous  obser- 
vation of  life  test  voltage,  at  the  laboratory  with  which  the 
writer  is  connected,  is  an  interesting  feature  in  itself,  apart 
from  the  laboratory  standard  used  for  periodic  comparisons.  It 
is  well  known  that  a  switchboard  operator  prefers  an  instrument 
to  which  no  calibration  correction  need  be  applied,  that  is  to  say 
he  prefers  to  adjust  the  voltage  to  a  line  which  is  labeled  as 
the  voltage  at  which  he  is  instructed  to  run.     This  feature  of  the 


Fig.  6 


subjective  problem  finds  no  application  in  most  laboratory 
precision  work,  but  is  worthy  of  consideration  in  this  particular 
instance  as  in  central  station  operation  where  a  constant  con- 
dition of  operation  is  desired. 

It  is  well  known  that  no  instrument  can  be  made  which  will 
maintain  a  zero  correction,  even  though  initially  adjusted  very 
carefully  to  that  value.  Many  instruments  on  the  market  can 
be  made  to  read  correctly  at  one  point  on  the  scale  by  shifting 
the  zero  point  by  means  of  the  adjustment  of  the  spring.  Such 
instruments  are  difficult  of  accurate  adjustment,  however,  and 
moreover  furnish  no  means  of  recording  the  calibration  for  a 
history  of  the  performance  of  the  instrument.  Fig.  5  shows 
the  scale  of  the  instrument  designed  to  overcome  this  diffi- 
culty. The  scale  can  be  shifted  by  means  of  a  rack  and 
pinion  at  the  top  (not  shown)  to  the  proper  point  to  make 
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the  indication  correct  at  the  120-volt  point,  the  one  used 
in  this  case.  The  calibration  is  indicated  by  the  stationary 
pointer  near  the  bottom  of  the  scale.  The  instrument  is  cali- 
brated daily  and  the  correction  recorded,  and  when  the  trend 
of  the  calibration  curve  shows  a  drift  of  more  than  0.05  volts  the 
scale  is  shifted  and  the  new  reading  of  the  stationary  point 
is  made  a  new  addition  to  the  history  of  the  instrument. 

This  instrument  is  of  the  dynamometer  type,  air-vane-damped 
and  practically  free  from  jewel  friction.  It  has  been  in  service 
only  a  short  time,  but  promises  to  fulfil  the  requirements  very 
well. 

A  graphic  recording  voltmeter  is  used  in  connection  with  the 
indicating  instruments,  but  cannot  be  depended  upon  as  a  pre- 
cision instrument,  due  to  the  comparatively  large  friction  in  the 
movement  and  the  tendency  to  wear  a  rut,  so  to  speak,  in  the 
movement,  at  the  one  point  where  it  is  constantly  used.  It  is 
useful  only  in  that  it  records  any  comparatively  large  change 
which  may  take  place,  and  the  time  at  which  service  is  inter- 
rupted and  resumed. 

All  must  agree  that  in  a  photometric  and  lamp  testing  labora- 
tory a  great  deal  of  thought  and  much  time  must  be  continually 
applied  to  the  question  of  electrical  measiu*ements  in  order  that 
those  in  charge  may  be  assured  that  the  desired  accuracy  is 
maintained  at  all  times. 


A  poptr  presented  at  the  20th  Annual  Con' 
tention  of  tke  American  Iiutitute  of  BUctrieal 
Engineers,  Boston.  Mass.,  June  28.  1912. 

Copyright.  1912.    By  A.  I.  E.  B. 


INCANDESCENT  LAMPS  AS  RESISTANCES 


BY  T.  H.  AMRINE 


Incandescent  lamps  have  long  been  used  as  resistances  in 
electrical  measurements,  but  they  have  not  been  used  over  nearly 
as  wide  a  range  and  variety  of  work  as  they  might  be.  The 
reason  for  this  is  probably  that  information  as  to  the  resistance 
values  and  characteristics  is  not  generally  available  and  for 
that  reason  the  proper  lamps  can  not  be  easily  selected.  It 
is  the  purpose  of  this  paper  to  emphasize  the  value  of  incan- 
descent lamps  as  resistances,  to  give  some  information  regard- 
ing the  resistance  characteristics,  ranges  of  resistance  and  current 
carrying  capacities  available,  and  such  other  information  as  will 
assist  one  in  the  selection  of  the  proper  lamps  for  any  particular 
purpose. 

The  principal  advantages  of  lamps  as  resistance  are,  of  course, 
their  general  availability  and  their  low  cost.  These  are  of 
especial  importance  in  experimental  work,  where  delays  and 
expense  under  the  best  conditions  often  seriously  impede  pro- 
gress. A  wide  range  of  lamps  suitable  for  use  as  resistance 
can  be  kept  in  stock  in  a  laboratory  with  a  very  small  outlay 
of  money  and  if  properly  selected  and  used  will  to  a  large  extent 
take  the  place  of  a  much  more  expensive  equipment  of  rheostats, 
resistances,  etc.  The  list  price  of  a  lamp  which  will  carry  0.11 
amperes  and  has  a  resistance  of  2150  ohms  is  only  18  cents, 
which  is  probably  less  than  the  cost  of  an  equal  amoimt  of  resis- 
tance of  like  carrying  capacity  in  any  other  form. 

The  fact  that  a  very  wide  range  of  temperature  coefficient  of 
resistance  is  available  in  incandescent  lamps  is  well  known, 
perhaps,  but  is  taken  advantage  of  to  a  much  less  extent  than 
is  possible.     Commercial  lamps  are  now  being  made  with  un 
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treated  carbon,  treated  carbon,  metallized  carbon,  tantalum 
and  tungsten  filaments.  These  materials  range  in  temperature 
coefficient  from  a  pronounced  negative  to  a  large  positive  value. 
In  Figs.  1,  2  and  3  are  given  ciorves  plotted  between  per  cent 
normal  current  and  per  cent  of  cold  resistance,  for  lamps  with 
the  various  filament  materials  which  are  now  in  commerical  use, 
and  for  a  few  forms  of  treated  carbon  (Fig.  3)  that  are  not  in 
commercial  use  biit  which  have  been  made  specially.  These 
give  an  idea  of  the  range  in  temperature  coefficient  available. 
It  is  seen  from  these  curves  that  for  limited  ranges  almost  any 
desired  change  of  resistance  with  change  of  current  can  be  select- 
ed, ranging  from  a  pronounced  decrease  to  a  very  large  increase, 
as  well  as  a  practically  negligible  change  of  resistance  with  cur- 
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rent.  In  connection  with  these  curves  it  may  be  necessary  to 
explain  that  in  undergoing  the  "  flashing  "  or  "  treating  " 
process  carbon  filaments  decrease  in  resistance  an  amount  de- 
pending upon  the  amount  of  treatment  given.  Hence,  the  curve 
marked  "  50  per  cent  treatment  "  would  refer  to  a  filament 
which  had  been  treated  until  its  resistance  had  decreased  to 
50  per  cent  of  its  initial  resistance.  Commercial  carbon  fila- 
ments are  treated  to  approximately  60  per  cent  of  their  initial 


Below  is  given,  for  the  various  commercial  filaments,  a  table  of 

exponents  X  in  the  equation  p^  =  (  e^)  which  gives  the  change 

in  resistance  R  with  changes  in  F,  where  F  represents  the  various 
quantities,  candle  power,  efficiency,  volts,  watts  and  current. 
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TABLE    I 


p 

Candle  oower 

• 

Values  of  X  for 

Untreated 
carbon 

Treated 
carbon 

MetalUzed 
carbon 

• 

Tantalum 

Tungsten 

—0.045 
0.070 
—0.310 
—0.135 
—0.235 

—0.015 
0.020 
—0.075 
—0.035 
—0.070 

0.050 
—0.075 
0.230 
0.130 
0.300 

0.060 
—0.100 
0.260 
0.150 
0.350 

0.115 
—0.200 
0.420 
0.260 
0.720 

Efficiency 

Volts 

Watts 

Current 

These  are  average  exponents  which  are  approximately  correct 
over  a  range  of  20  per  cent  either  side  of  the  normal  voltage  of 
the  lamps.  By  their  use  the  resistance  corresponding  to  any 
value  of  the  function  F  can  be  determined,  knowing  the  resistance 
at  some  other  value,  say  normal,  of  the  same  function. 

Below  is  given  a  table  which  shows  the  maximum  resistance 
which  is  available  in  commercial  lamps  for  various  ampere 
capacities. 


TABLE   II 


1 

Maximum 

resistance 

obtainable 

Type  of  filament 

I 

Amperes 

at  given 
amperes 

Commercial  rating 

Untreated  carbon 

0.077 

1690 

10-watt  130-volt 

«              ■ 

0.110 

2520 

30       -    275     ■ 

Treated  carbon 

0.154 

845 

20       ■    130     ■ 

•              « 

0.365 

754 

100       ■    275     - 

M                                 ■ 

0.920 

141 

120       ■    130    • 

a                     a 

1  00 

75 

1-ampere  resistance  lamp 

a                      • 

2.00 

13 

2-        "              ■              ■ 

a                      a 

3.00 

8 

3         ■              ■ 

a                      ■ 

3.85 

36 

500-watt.  130-volt  heater  lamp 

Metallized  carbon 

0.231 

563 

30-watt.  130-volt      " 

a                      a 

0.462 

282 

60-watt  130-    *' 

m                    a 

0.77 

169 

100       ■   130     - 

Tungsten 

0.077 

1690 

10       •    130    - 

0.145 

1900 

40       ■    275     ' 

0.218 

i          1260 

60       •    275    - 

1 

0.364 

760 

i   100       ■    275    • 

0.510 

530 

1   150       ■    275     - 

0.910 

1            300 

'   250       -    275    ■ 

I      1.18 

110 

150       •    130     • 

,      1.92 

68 

250       ■    130    • 

3.&4 

34 

600       -    130    - 

5.00 

20 

600       ■    100    ■ 
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The  resistances  given  above  are  "  normal  "  resistances,  that 
is,  the  resistances  at  the  rated  normal  voltages  of  the  various 
lamps.  The  resistances  at  other  ciurents  can  be  obtained  by 
reference  to  the  curves  of  Figs.  1,  2  and  3  or  by  use  of  the  expo- 
nents given  in  Table  I. 

In  almost  all  cases  lamps  of  lower  resistance,  but  having  about 
the  same  ampere  carrying  capacity,  can  be  obtained  in  regular 
commercial  lamps. 

In  order  to  select  the  proper  resistance  lamps  for  any  purpose 
it  is  neces.sary  to  have  the  following  information: 

1.  Resistance. 


r/llOOO .  -^£.  —  . — 1 

3«» ^^ ■   : 

3  700— ^ ^ 


'f  OF  NORMAL  CURRENT 

Pio.  2 


2.  Current  carrying  capacity. 

3.  Degree  of  incandescence  permissible. 

4.  Change  in  resistance  with  change  in  current  that  is  al- 
lowable. 

In  selecting  the  lamp  it  is  first  necessary  to  know  the  per  cent 
normal  current  at  which  the  various  types  of  lamps  will  give 
the  desired  degree  of  incandescence.  Table  III  will  enable  one 
to  choose  these  values. 

The  degree  of  incandescence  permissible  depends  upon  whether 
or  not  light  is  objectionable,  upon  the  desirability  of  constancy 
over  long  periods  of  use  and  upon  the  necessity  of  long  life  of 
the  lamps.  The  average  total  life  of  an  incandescent  lamp  at  the 
commercial  efficiencies  can  be  assumed  at  1000  hours.  A  one 
per  cent  decrease  in  current  below  normal  will  increase  the  life 
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from  11  to  24  per  cent,  depending  upon  the  type  of  filament, 
so  that  if  the  lamps  are  operated  a  few  per  cent  below  normal 
they  will  give  a  very  satisfactory  life.  Operation  above  normal 
will,  of  course,  decrease  the  life  in  the  same  ratio. 


! 

Pcccei 

t  of  norm*! 

cumn. 

cubon 

Tre.Wd 

HaUIUud 
carbon 

T„U.un, 

TuDB>t«> 

Dull  red 

1 

30 

2< 
33 

3S 

28 
38 

Yellow  »d 

28 

From  the  curves  of  Figs.  1  and  2  one  can  select  the  type  of 
lamp  which  will  give  most  nearly  the  desired  current-resistance 
change  at  the  proper  degree  of  incandescence.  Knowing  the 
per  cent  ctirrent  at  which  the  lamp  is  to  be  operated  one  can 
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obtain  from  the  curves  the  corresponding  per  cent  resistance, 
and  from  this  can  be  calculated  the  normal  resistance  of  the 
proper  lamp.  From  the  normal  resistance  and  normal  current 
the  voltage  and  wattage  of  the  lamp  can  be  determined.    When 
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possible,  of  course,  it  is  very  desirable  to  select  a  lamp  which 
is  a  regular  commercial  product  and  so  avoid  the  inevitable 
delay  and  increased  cost  of  a  special  lamp. 

As  examples  of  uses  to  which  incandescent  lamp  resistances 
have  been  put,  other  than  the  familiar  laboratory  use  in  lamp 
banks,  etc.,  a  brief  description  of  some  of  the  methods  which 
have  been  utilized  in  the  laboratory  with  which  the  writer  is 
connected  will  be  cited. 

Carbon  lamps  seasoned  at  about  109  per  cent  of  their  normal 
voltage  for  a  period  of  12  hours*  are  carefully  rated  for  volts 
at  various  ampere  values  and  are  used  in  the  factories  for  check- 
ing ammeters.  By  this  method,  with  a  calibrated  voltmeter 
and  a  few  lamps  one  can  check  portable  voltmeters  and  ammeters 
in  as  satisfactory  a  manner  as  with  both  standard  voltmeter 
and  ammeter. 

Bxtensive  use  is  made  of  a  fotu*- 
lamp  bridge  which  is  essentially  the 
same  as  the  old  Howell  indicator. 
In  this  bridge  four  lamps  are  arranged 
as  shown  in  Fig.  4,  in  which  A  and  D 
represent  lamps  having  a  different 
current-resistance  relation  from  lamps 
Sand  C.  For  instance, ^4  and  D  may  be 
carbon  lamps,'and  B  and  C  metallized 
carbon  lamps,  the  most  sensitive 
combination  which  utilizes  commer- 
cial   lamps    being    with    untreated 

carbon  lamps  for  A  and  D  and  tungsten  lamps  for  B  and  C.  If, 
by  means  of  the  small  adjustable  resistance  i?,  the  galvanometer 
Gis  brought  to  zero  for  any  current  through  A  BCD,  then  any 
change  from  that  current  will  produce  a  deflection  of  the  gal- 
vanometer. This  arrangement  is  used  to  enable  one  to  hold  the 
voltage  on  a  given  circuit  constant  by  putting  the  terminals 
a  d  across  the  line,  bringing  the  line  to  the  desired  voltage  by 
the  use  of  a  voltmeter  and  then  adjusting  the  galvanometer  to 
zero  by  means  of  R.  With  a  proper  bridge  and  an  ordinary 
portable  galvanometer,  a  small  change,  say  0.1  per  cent,  in  the 
voltage  of  the  line  is  made  evident  by  a  considerable  deflection 

•Before  being  used  as  resistances  for  any  purpose  which  requires 
careful  resistance  adjustment,  all  incandescent  lamps  should  be  seasoned 
by  burning  for  a  period  sufficiently  long  to  bring  them  to  a  constant 
resistance  value. 
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of  the  galvanometer.  By  placing  a  bridge  arrangement  such 
as  this  in  series  with  a  line  the  line  current  can  be  held  to  a  con- 
stant value  in  a  similar  way. 

A  photographic  recording  alternating-current  voltmeter  of 
high  sensibility  which  was  developed  by  Mr.  L.  T.  Robinson 
utilizes  a  four-lamp  bridge  similar  to  the  one  described,  in  connec- 
tion with  a  reflecting  dynamometer. 

A  temperature  control  device*  has  also  been  made  by  using  a 
small  tungsten  lamp  as  one  arm  of  a  bridge  and  placing  it  in 
the  oven  whose  temperature  was  to  be  kept  constant.  The 
bridge  is  brought  to  a  balance  by  adjustment  of  the  other  arms 
while  the  temperature  is  held  constant  at  the  correct  value  by 
means  of  a  thermometer.  After  being  set  thus  the  oven  can 
be  readily  held  at  the  proper  temperature  by  reference  to  the 
galvanometer. 
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Discussion  on  ''  Electrical  Measurements  with  Special 
Reference  to  Lamp  Testing  "  (Edwards),  and  "  In- 
candescent Lamps  as  Resistances  '*  (Amrine),  Boston, 
Mass.,  June  28,   1912. 

Clayton  H.  Sharp:  Speaking  of  the  paper  by  Mr.  Edwards, 
the  author  gives  a  curve  of  corrections  for  the  alternating-current 
voltmeter  as  used  in  checking  the  voltages  on  the  life  testing 
rack.  He  emphasizes  the  importance  of  that  correction  curve. 
I  do  not  think  he  emphasizes  it  quite  enough  and  I  doubt  if 
a  laboratory  standard  voltmeter  alone,  even  though  carefully 
checked,  is  quite  sufficient  to  maintain  the  very  high  degree  of 
accuracy  which  is  called  for  in  the  measurement  of  life  testing 
voltages.    One- tenth  of  one  per  cent  on  the  life  testing  voltage 

will  make  several  per  cent  difference 
in  the  life  of  the  lamp,  and  may  have 
very  serious  commercial  results  un- 
der certain  circtunstances;  so  that 
in  all  lamp  testing,  the  most  im- 
portant thing  is  the  acciu^ate  de- 
termination and  checking  of  these 
voltages.  No  single  method  is  suffi- 
cient, but  rather,  various  methods 
must  be  used  and  checked  against 
each  other.  For  instance,  in  our 
own  laboratory,  we  use  a  multi- 
cellular electrostatic  voltmeter 
with  a  mirror  and  scale,  a  method 
introduced  by  Dr.  Kennelly  some 
years  ago.  This  is  used  as  a  trans- 
fer instrument  to  check  directly 
against  the  potentiometer,  so  that 
the  chances  of  errors  of  the  instru- 
ments themselves  are  as  nearly  as 
possible  eliminated.  Other  instru- 
ments'are  used  in  the  same  way. 

More  recently  we  have  been  trying  the  method  suggested  by 
Mr.  Amrine,  namely  the  use  of  the  old  Howell  indicator.     See 

Fig.  1. 

The  bridge  which  we  have  used  is  made  up  of  tungsten  and 
carbon  lamps  in  opposite  arms.  At  one  diagonal  of  the  bridge 
is  placed  a  resistance  of  zero  temperature  coefficient.  About 
this  is  looped  a  rheostat  of  high  resistance  with  a  rotating 
switch,  making  a  very  great  many  contacts. 

The  bridge  is  placed  on  the  circuit  the  voltage  of  which  is  to 
be  measured  and  in  scries  with  it  is  a  fixed  coil  of  a  sensitive 
electrodynamometer.  The  moving  coil,  which  is  supported  on 
a  suspension  wire  and  carries  a  mirror,  is  placed  across  the 
bridge  in  the  usual  connection  for  the  galvanometer,  excepting 
that  one  connection  from  it  is  made  to  the  rotating  switch  of 


Fig.  1 
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the  rheostat.  With  this  arrangement  properly  adjusted,  the 
different  positions  of  the  rheostat  arm  correspond  to  different 
voltages  on  the  bridge  and  the  rheostat  may  be  calibrated  to 
read  in  volts.  It  is  used  as  a  transfer  instrument,  being  cali- 
brated on  direct  current.  On  account  of  the  slight  lead  which 
the  current  has  in  a  tungsten  lamp  on  alternating  current  due 
to  the  considerable  changes  of  temperature  of  the  filament, 
the  bridge  does  not  give  correct  results  as  a  transfer  instrument 
if  the  lamp  filaments  are  too  fine.  It  is  necessary  therefore 
to  use  lamps  of  fairly  high  candle  power  in  the  construction 
of  the  bridge.  The  lamps  must  be  of  the  same  quality  and 
character  as  are  used  for  precise  photometric  standards;  that 
is,  all  loose  or  variable  contacts  in  the  interior  of  the  lamp  must 
be  eliminated  and  the  lamps  should  be  properly  seasoned  or 
aged  before  put  into  the  bridge. 

It  should  be  noted  that  an  arrangement  of  this  kind  is  ex- 
tremely sensitive  to  differences  in  voltage.  Differences  of  0. 0001 
of  a  volt  in  100  volts,  that  is,  differences  of  one  part  in  1,000,000, 
are  shown  by  the  deflection  of  the  electrodynamometer. 

Referring  again  to  Mr.  Edwards^s  paper,  he  says  that  in  com- 
mercial testing  the  ordinary  portable  instrtunents  are  insuffi- 
cient. That  is  quite  true,  and  a  larger  type  must  be  used. 
For  more  careful  measurement  it  is  better  to  use  two 
potentiometers,  one  for  measuring  voltage  and  the  other  for 
measuring  current. 

As  to  the  indicating  instrument  on  the  switchboard  for  the 
life  test  voltage,  another  possible  modification  of  that  scheme 
is  to  give  the  man  who  regulates  a  single  positive  mark  to  go  by, 
so  that  he  has  not  any  chance  to  estimate  or  to  do  anything 
else.  He  merely  holds  his  needle  on  that  mark,  which  relieves 
him  from  a  large  amount  of  mental  exertion. 

A.  E.  Kennelly:  This  description  which  has  been  given  us 
by  Dr.  Sharj)  is  very  interesting,  in  regard  to  that  kind  of 
voltmeter,  and  I  quite  agree  with  the  opinion  he  expressed,  that 
no  one  particular  instrument  should  be  taken  as  the  exclusive 
court  of  a])peal  in  deciding  the  calibration  of  an  alternating- 
current  voltmeter.  Checks  should  be  obtained  in  all  cases. 
We  have  found  that  the  alternating-current  potentiometer  of 
Dr.  Drysdale  is  a  very  useful  and  convenient  check,  which,  by 
means  of  the  vibration  galvanometer,  gives  a  high  degree  of 
sensibility,  enabling  a  difference  in  voltage  of  one-twentieth 
of  one  per  cent  to  be  easily  determined. 

M.  G.  Lloyd:  I  should  like  to  ask  Mr.  Edwards  a  few  ques- 
tions, and  to  have  him  elucidate  Fig.  3  a  little  further.  First, 
in  regard  to  how  the  settings  were  made  on  which  these  readings 
were  taken.  There  might  be  three  ways  of  making  these  settings: 
In  one  way  they  would  be  evenly  scattered  across  the  entire 
scale;  in  the  second  way,  they  might  be  set  on  the  exact  tenths 
rigidly,  and  the  same  number  of  settings  made  on  each  tenth 
division;  and  in  the  third  way  they  would  be  left  to  chance,  and, on 
account  of  something  in  the  set-up,  they  might  fall  more  fre- 
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quently  in  one  region  than  in  another;  so  I  should  like  to  know 
how  the  settings  were  made  from  which  these  readings  were  taken. 

Secondly,  I  think  the  width  of  the  space  is  a  very  important 
thing  in  a  study  of  this  kind,  as  it  seems  to  me  the  tendency 
exhibited  in  these  results  would  very  largely  depend  on  the  ratio 
of  the  width  of  the  pointer  to  the  width  of  the  space. 

Paul  MacGahan:  I  wish  to  point  out  an  interesting  applica- 
tion of  the  tungsten  lamp  used  as  a  resistor.  This  is  in  connec- 
tion with  contact-making  voltmeters,  such  as  are  often  used 
for  potential  regidators,  or  in  relay  type  graphic  meters,  in 
which  the  tungsten  lamp  is  used  as  a  resistance  between  the 
contact  and  the  magnet  or  motor.  The  idea  is  to  introduce  a 
low  resistance  just  when  the  contact  is  made,  giving  a  good 
starting  characteristic  to  the  device,  and  improving  the  contact 
action.  As  soon  as  the  contact  is  made,  the  lamp  lights  up  and 
increases  in  resistance  ten  times,  and  thus  greatly  reduces  the 
current  and  sparking  when  the  contact  is  broken. 

T.  H.  Amrine:  In  Mr.  Edwards's  paper,  he  mentions  the  use 
of  graphic  recording  voltmeters  on  life  testing  lines.  He  is 
correct,  of  course,  in  his  statement  that  the  ordinary  graphic 
voltmeter  cannot  be  depended  upon  for  anything  more  than  to 
show  very  large  changes  in  the  voltage  and  to  show  interruptions 
in  the  service.  The  photographic  recording  voltmeter  which  is 
mentioned  in  my  paper  is  being  developed  for  this  service  and 
the  indications  are  that  it  will  serve  the  purpose  well.  It  is 
sufficiently  sensitive  and  has  a  sufficiently  wide  scale  so  that 
variations  of  one  to  two-tenths  per  cent  in  voltage  are  plainly 
indicated  on  the  chart. 

A  couple  of  records  from  this  photographic  recording  volt- 
meter are  presented  herewith,  which  show  what  can  be  done  by 
the  instrument.  They  also  serve  to  show  the  sort  of  voltage 
regtdation  that  can  be  obtained  on  altemating-ciurent  lines  by 
means  of  the  automatic  voltage  regulator  under  the  best  con- 
ditions. The  original  of  chart  No.  1  was  taken  with  the  volt- 
meter adjusted  to  give  a  scale  of  1.8  in.  (45.7  mm.)  per  volt. 
The  original  of  chart  No.  2  has  a  scale  of  1.5  in.  (38. 1  mm.)  per 
volt. 

Evan  J.  Edwards:  Referring  to  Dr.  Lloyd's  question  as  to 
the  method  used  in  obtaining  the  readings  of  Fig.  3,  I  would 
say  that  these  figtu'es  were  taken  from  old  photometric  data 
which  were  obtained  with  no  thought  that  they  might  be  used  for 
the  purpose  of  this  investigation.  Only  such  readings  as  were 
obtained  in  a  straight  estimation  of  tenths  between  smallest 
divisions,  were  selected;  that  is  to  say,  only  such  groups  of 
data  as  could  be  expected  to  show  a  nearly  equal  number  of 
occurrences  of  each  digit  for  a  large  number  of  readings  were 
included. 

The  width  between  smallest  divisions  used  in  obtaining  the 
curves  of  Fig.  4  was  that  of  a  standard  portable  voltmeter 
having  150  scale  divisions.  The  ratio  of  width  between  di- 
visions to  the  width  of  pointer  was  probably  about  10.     Dr. 
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Lloyd  is,  of  course,  right  in  saying  that  the  results  depend  on 
this  ratio.  They  probably  also  depend  on  the  actual  length 
as  well  as  the  ratio.  The  curves  were  intended  as  illustrative 
ii;i  the  analysis  of  the  various  errors  involved  in  meter  reading. 

Dr.  Sharp  has  expressed  the  opinion  that  no  single  method 
of  connecting  alternating-current  measurements  with  stand- 
ard cell  values  is  sufficient.  Dr.  Kennelly  states  that  he  con- 
curs in  that  oi)inion.  The  author  did  not  intend  to  give  the 
impression  that  one  single  method  or  one  single  criterion  was 
\n  use.  It  is  true  that  only  one  method,  the  dynamometer 
method,  is  used  as  an  everyday  means  of  calibration.  But 
before  adopting  this  method,  a  careful  comparison  was  made 
with  a  hot-wire  instrument.  Having  proved  the  results  to 
be  the  same  by  two  very  different  methods  and  knowing  that 
the  wave  fonn  must  remain  unchanged,  it  seems  justi- 
fiable to  adopt  as  an  everyday  method  the  more  convenient 
and  sensitive  one.  Making  measurements  by  using  many 
instruments  and  many  methods,  of  course,  should  give  added 
assurance  in  the  result,  always,  but  it  is  possible  to  reach  the 
point  where  additional  measurements  are  not  worth  what  they 
cost. 

The  modification  of  the  special  indicating  voltmeter  suggested 
by  Dr.  Kennelly  was  considered  when  designing  the  instrument. 
It  was  decided  to  add  the  divisions  in  order  to  enable  the  oper- 
ator to  make  exact  readings  on  the  even  hour  when  the  regular 
log  readings  are  taken. 

It  is  my  understanding  that  the  photographic  instrument 
mentioned  by  Mr.  Amrine  consists  of  a  dynamometer  movement 
carr^'ing  a  small  mirror  which  refiects  a  beam  of  light  with  a 
long  throw,  to  a  sensitized  paper  driven  by  a  clock  mechanism. 
Such  an  instrument  should,  of  course,  be  as  reliable  as  the  in- 
dicating instrument  described  in  the  above  paper.  The  re- 
cords show  it  to  be  very  sensitive  and  free  from  friction. 


A  pa^er  presented  at  tks  29lk  Annual  Con^ 
ventiou  of  th4  American  Institulg  of  ElgclHcal 
Engineers .  Boston,  Mass.,  June  28,  1912. 

Copyright  1912.     By  A.  I.  E.  E. 


ELECTRICAL       TRANSMISSION       OF       ELECTRICAL 

MEASUREMENTS 


BY  O.  J.  BLISS 


The  unique  arrangement  of  standard  instruments  described  in 
this  paper  was  made  for  the  purpose  of  transmitting  and  re- 
producing at  a  distance  a  direct  electrical  measurement,  the 
distance  in  point  being  35  miles  (56  km.),  the  measurement  the 
indicated  kilowatts  input  to  a  12,000-volt,  60-cycle,  three-phase 
transmission  line,  and  the  medium  of  transmission  a  telephone 
line  owned  by  the  local  telephone  company  but  used  as  a  private 
line  by  the  central  station  companies. 

The  conditions  which  led  to  the  necessity  for  the  arrangement 
were  these:  First,  a  contract  for  power  to  be  furnished  by  a 
large  central  station  company  which  we  will  call  A  j  to  sl  smaller 
central  station  company  called  By  over  a  35-mile  (56-km.)  three- 
phase  transmission  line,  the  smaller  company  being  a  customer 
of  the  larger  and  having  substations  of  its  own  tapped  off  the 
connecting  line.  Second,  a  form  of  contract  requiring  that  billing 
be  done  from  the  readings  of  a  polyphase  watt-hour  meter  in- 
stalled in  central  station  Ay  equipped  with  a  printing  device 
adjusted  to  print  automatically  the  dial  readings  on  a  paper 
ribbon  at  intervals  of  15  minutes,  the  charges  to  include  a  certain 
rate  per  kilowatt-hour  for  all  energy  delivered,  a  kilowatt-year 
charge  based  on  the  average  of  the  three  highest  one-half  hour 
peaks  occurring  during  the  year  and  a  guarantee  of  a  certain  load 
factor. 

With  a  contract  of  this  kind  it  is  evidently  very  much  to  the 
advantage  of  the  customer  to  keep  the  load  curve  free  from  any 
peaks  which  would  increase  the  kilowatt-year  charge.  But  as 
the  customer  can  only  regulate  at  his  own  station  and  in  the  case 
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in  question  the  operators  at  B  had  no  means  of  knowing  what 
the  input  to  the  line  was  by  central  station  company  A,  it  be- 
came apparent  that  instnmients  must  be  installed  in  the  stations 
of  the  smaller  company  which  would  indicate  this  input.  Con- 
siderable advantage  would  also  result  if  some  permanent  record 
could  be  obtained  in  order  to  check  the  watchfulness  of  switch- 
board operators,  and  as  a  comparison  with  the  printed  registra- 
tion of  the  polyphase  watt-hour  meter  instation  A .  It  was  desir- 
able therefore  to  install  a  curve-drawing  as  well  as  an  indicating 
instrument. 
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Map  Showing  Location  of  Telephone  Stations. 

In  developing  a  scheme  permission  was  first  obtained  from  the 
telephone  company  to  use  the  private  line  for  the  transmission 
of  signals  between  the  stations,  it  being  understood  that  any 
arrangement  installed  for  that  purpose  should  in  no  way  interfere 
with  the  telephone  service  nor  should  an  e.m.f.  of  over  50  volts 
be  put  on  the  line. 

Standard  types  of  meters  were  then  modified  and  installed  as 
follows.  On  the  switchboard  of  central  station  A  was  mounted 
a  graphic  recording  wattmeter,  with  relay  type  of  movement, 
connected  through  the  regular  equipment  of  current  and  potential 
transformers  to  the  transmission  Hne.     Alongside  the  wattmeter 


1912] 


BLISS:  ELECTRICAL   MEASUREMENTS 


1539 


a  small  special  variable  rheostat  was  installed,  the  movable  con- 
tact of  which  was  connected,  by  a  brass  rod  provided  with  an 
insulating  joint,  to  the  recording  mechanism  of  the  graphic  meter 
so  that  the  position  of  this  contact  at  all  times  corresponded 
exactly  to  the  deflection  of  the  meter. 

If  now  a  direct-current  source  is  connected  across  the  rheostat 
terminals,  and  one  terminal  and  the  movable  contact  connected 
to  the  telephone  line,  the  e.m.f.  across  the  line  has  a  fixed  relation 
to  the  deflection  of  the  graphic  meter,  or  the  input  to  the  trans- 
mission line,  and  the  reading  of  a  direct-current  instrument 
connected  in  the  telephone  line  may  therefore  be  made  to  indicate 
this  input. 


CENTRAL  STATION  A  .  phase  transmission  LINE    UENOTH  3B  MILES         CENTRAL  STATION  B 

r^   -, ■ ^ 


4 


I T—  h  T 


— r 
1 — r 


T 
TT 


I     I 


\ 


I  I    u«vJ    U/*J    W^ 


a  e 


o.c. 

CONTKOL 
CIRCUIT 


GRAPHIC 
'^tAATTMETtl 


nt 


-t=- 


— 1=3- 

coNOCNscns 


I      RHEOSTAT    > 

e»TTeRT 

fEACT^NCE 
g    COILS       P 

_  _'ZZI 


SUBSTATION 


U   MOOSOCNSERS 


JJ 


Q 


INOICATINO 
o.c.  VOLTHCTtR 


Curve  orawiho 

D.C-  vOLTMCTtn 


.1 


TELEFHO  .E  LINs 


CONOKOKVrns 


Diagram  of  Connections  for  Transmission  of  Electrical  Measure- 
ments OVER  Telephone  Line. 


The  rheostat  as  made  up  has  uniform  resistance  per  unit  of 
length  and  does  not  therefore  give  uniform  increments  of  e.m.f. 
for  equal  distances  of  travel  of  the  movable  contact.  By  making 
the  current  through  the  resistance  large  as  compared  to  the 
instrument  current  the  error  is,  however,  negligible,  and  the 
e.m.f.  is  considered  directly  proportional  to  the  deflection  of  the 
graphic  meter. 

The  source  of  direct  current  is  a  36-volt  storage  battery  of 
small  capacity  located  near  the  switchboard.  The  continuous 
discharge  rate  through  the  rheostat  is  about  150  milliamperes. 
The  direct-current  instruments,  one  an  indicating  voltmeter  in- 
stalled in  the  steam  plant  of  central  station  company  By  the  other 
a  curve-drawing  voltmeter  with  smoke  chart  recorder  installed  in 
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the  waterpower  plant  of  central  station  company  5,  are  in 
series,  are  adjtisted  to  the  same  ftill  scale  current,  about  7  milli- 
ampereSy  have  scales  marked  in  kilowatts  and  have  series  re- 
sistances adjusted  to  give  full  scale  deflection  corresponding  to 
the  graphic  meter  in  central  station  A . 

One-half  of  this  resistance  is  in  one  of  the  meters  in  central 
station  B,  and  one-half  is  mounted  on  the  rheostat  in  central 
station  il.  This  is  necessary  because  the  signaling  system  forms 
at  both  ends  of  the  telephone  line  a  shunt  across  the  line,  which 
must  be  of  at  least  1000  ohms  resistance  in  order  not  to  interfere 
with  the  telephone  service. 

Interference  with  the  telephone  by  the  direct  current  of  the 
transmitting  system  is  prevented  by  the  installation  of  con- 
densers in  the  line  at  each  telephone  station,  and  interference 
with  the  meters  by  the  telephone  ringing  current  is  prevented  by 
the  installation  of  reactance  coils  in  the  instrument  leads. 

The  operation  of  this  system  has  been  so  satisfactory,  is  so 
simple  in  its  various  parts,  and  has  given  such  a  small  amount 
of  trouble,  that  it  leads  one  to  believe  the  scheme  practicable 
for  many  other  applications.  For  instance,  any  two  stations, 
whether  belonging  to  the  same  company  or  not,  if  feeding  into 
the  same  load,  might  use  a  system  of  this  kind  to  advantage. 
A  central  office  could  have  a  continuous  record  of  total  output 
or  that  of  any  more  important  line  or  machine.  Regulation  of 
machines  for  synchronizing  operations  where  the  switch  to  be 
closed  is  in  a  station  remote  from  that  in  which  generators  are 
located,  as  is  sometimes  the  case  in  interconnected  systems, 
could  be  easily  arranged,  or  the  more  important  positions  on  the 
load  dispatcher's  board  might  be  made  automatic,  showing  switch- 
ing operations  without  waiting  for  the  telephone  call  and  the 
subsequent  plugging  or  marking  of  the  board. 

In  short,  the  installation  here  described  seems  to  show  that 
any  points  connected  by  telephone  lines  may  be  equipi>ed  for  the 
transmission  of  measurements  or  direct-current  sij^^nals  at  a  low 
cost,  without  interference  with  the  telephone  system. 


A  paper  presented  at  the  29th  Ahhu'jI  ConveU' 
tion  of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28,  1012. 

Copyright.  1912.    By  A.  I.  E.  E. 


METERING    LARGE     DIRECT-CURRENT 

INSTALLATIONS 


BY  F.  V.  MAGALHAES 


The  question  of  properly  metering  electrical  energy  when  it 
is  used  in  the  form  of  high  values  of  direct  current  is  one  that 
can  profitably  be  discussed  at  this  meeting.  The  following 
brief  paper  is  intended  as  a  summary,  for  the  purpose  of  dis- 
cussion, of  various  methods  now  being  used,  with  suggestions 
for  the  development  of  apparatus  that  would  eliminate  certain 
disadvantages  and  errors  now  encountered. 

We  will  consider  the  methods  of  metering  currents  of  1000 
to  10,000  amperes  at  100  to  600  volts.  These  limits  are  arbitrary 
but  they  cover  a  great  many  conditions  which  are  comparable 
in  metering  both  the  energy  for  light  and  power  from  central 
stations  and  the  energy  from  electric  railway  substations. 

Below  is  given  a  list  of  four  headings  which  will  in  turn  be 
dealt  with  in  detail. 

Method  1.  Install  a  single  watt-hour  meter  between  the  source 
of  supply  and  the  distributing  switchboard. 

Method  2.  Install  in  parallel  in  the  main  source  of  supply 
several  watt-hour  meters  with  an  aggregate  capacity  sufficient 
for  the  total  load. 

Method  3.  Divide  the  main  service  supply  and  meter  sep- 
arately any  natural  component  parts  of  the  total  load. 

Method  4.  The  development  and  the  use  of  the  shunt  type 
of  watt-hour  meter  both  for  the  metering  itself  and  for  test 
purposes  in  connection  with  any  of  the  thre6  foregoing  methods. 

Method  1 

The  practise  of  installing  only  a  single  watt-hour  meter  is  the 
easiest,  best  appearing  and  cheapest  from  the  standpoint  of 
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switchboard  design,  and  the  cheapest  from  the  standpoint  of 
initial  meter  cost.  The  method,  however,  has  the  least  to  recom- 
mend it  from  the  standpoint  of  meter  accuracy,  and  is  the 
most  difficult  and  expensive  to  maintain  after  installation. 

The  advantages  that  may  be  claimed  for  this  method  are  the 
registration  on  one  set  of  dials  of  the  total  energy  for  the  instal- 
lation; also,  as  indicated  above,  the  low  initial  meter  cost  as 
compared  with  other  methods.  This  latter  condition,  however, 
is  open  to  argument  if  careful  consideration  is  given  to  the  fact 
that  a  system  of  using  several  small  meters  permits  more  flexi- 
bility from  the  standpoint  of  exact  assignment,  as  the  rated 
ampere  capacities  of  large  meters  are,  from  the  manufacturing 
standpoint,  necessarily  arbitrary  and  in  large  steps. 

The  disadvantages  that  may  be  listed  are:  the  possibility  of 
complete  interruption  of  registration  or  inaccurate  registration 
due  to  a  defect  or  to  poor  performance  of  the  meter,  such  in- 
terruption or  inaccuracy  of  registration  applying  over  the  energy 
for  .the  total  installation;  extreme  difficulty  of  proper  testing, 
involving  the  insertion  of  instruments  in  the  main  circuit,  the 
possible  shunting  of  the  customer's  load  and  handling  of  an 
artificial  load;  the  expense  of  owning  and  calibrating  standards 
of  very  high  current  capacity;  and  the  loss  of  registration  due 
to  the  shunted  load  during  the  time  of  test. 

Method  2 

The  practise  of  installing  several  meters  in  parallel,  while 
increasing  somewhat  the  initial  meter  cost  and  possibly  the 
switchboard  cost,  tends  to  eliminate  or  improve  several  of  the 
disadvantages  of  Method  1. 

In  case  of  defect  or  inaccuracy  in  a  meter  only  part  of  the 
total  registration  is  affected. 

Testing  is  greatly  simplified  over  Method  1,  as  the  meters 
may  in  turn  be  disconnected  on  the  house  side  for  test  and  the 
remaining  meters  allowed  to  carry  the  load.  The  test  connec- 
tions, artificial  load  and  capacity  of  the  standard  instruments 
will  all  be  of  smaller  ampere  capacity  than  in  Method  1 ,  with  a 
corresponding  decrease  in  initial  cost  and  cost  of  maintenance. 

This  method  is  subject  to  one  disadvantage  in  common  with 
Method  1,  namely,  the  poor  performance  of  the  aggregate  meters 
at  very  light  loads.  A  light  load  may  exist  for  several  hours 
which  would  be  of  considerable  significance  from  the  stand- 
point of  energy,  but  which  might  be  inaccurately  metered,  as 
it  would  be  only  a  small  percentage  of  the  total  meter  capacity. 
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One  disadvantage  peculiar  to  this  method  is  that  the  separate 
meters,  due  to  differences  in  the  resistance  of  the  connections, 
may  not  register  their  proportionate  part  of  the  total  energy. 
Such  difference  in  registration,  even  when  the  meters  are  en- 
tirely accurate,  can  give  rise  to  unnecessary  question  or 
criticism  of  meter  accuracy. 

Method  3 

The  practise  of  installing  individual  meters  for  the  natural 
component  parts  of  an  installation,  such  as  separate  floors  in 
a  building,  separate  buildings  in  a  group,  separate  motors  in 
a  large  power  installation  or  separate  synchronous  converters 
in  a  substation,  is,  if  the  meter  sizes  are  carefully  assigned  and 
the  meters  properly  maintained,  the  best  method  for  most 
conditions. 

This  method  is  open  to  the  same  objections  that  may  be 
advanced  against  Method  2  as  to  the  increased  installation  and 
meter  cost. 

Method  3  has  a  distinct  advantage  over  the  first  two  methods 
in  that  the  assignment  of  each  meter  may  be  made  very  closely 
by  considering  the  performance  of  its  particular  installation. 
The  aggregate  light  load  and  overload  performance  of  the  in- 
dividual meters  will  then  be  better  than  the  performance  of  a 
single  large  meter  or  group  of  parallel  meters  on  the  total  load. 

The  development  of  a  mechanical  or  electrical  totalizing  dial 
of  some  description  would,  in  connection  with  Methods  2  and  3, 
provide  a  single  totalized  record  of  registration  of  the  various 
meters.  Such  a  record  might  be  desirable  or  even  essential  in 
the  case  of  a  synchronous  converter  substation,  with  the  individ- 
ual converter  meters  installed  near  the  converters  and  a  total- 
izing dial  located  on  the  switchboard. 

Method  4 

Method  4  is  a  proposed  practise  based  on  the  development 
of  an  accurate  shunt  type  of  watt-hour  meter. 

Assuming  the  availability  of  such  a  shunt  type  of  watt-hour 
meter  for  service  purposes  and  a  carefully  designed  shunt  type 
of  portable  watt-hour  meter  for  test  purposes,  the  metering  of 
large  direct-current  installations  would  at  once  present  other 
possibilities.  It  would  be  possible  to  meter  a  large  power  in- 
stallation, consisting  of  a  few  units,  with  a  single  meter.  This 
meter  could  at  frequent  intervals  be  compared  quickly  and  ac- 
curately with  the  rotating  standard.    The  service  meter  and 
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the  standard  being  of  similar  types  and  characteristics  wotild 
permit  the  use,  for  test  purposes,  of  the  regular  service  load, 
even  if  of  a  very  fluctuating  character. 

One  marked  advantage  of  the  shunt  type  of  meter  in  the  large 
capacities  would  be  its  flexibility  from  the  stock  standpoint. 
The  meters  themselves  could  be  all  of  five  or  ten  amperes  capacity 
and  the  range  for  the  large  capacities  maintained  by  a  stock  of 
shunts.  This  feature  is  comparable  with  the  flexibility  which  is 
possible  with  the  standard  five-ampere  induction  meter  in 
connection  with  any  ratio  of  current  transformer. 

For  an  installation  of  small  power  units  or  a  large  lighting 
installation,  Method  3,  namely,  metering  separate  parts  of  the 
installation,  would  still  be  desirable  even  with  the  availability 
of  the  shunt  type  of  meter.  Such  a  type  of  meter  would,  how- 
ever, increase  the  ease  of  testing  and  thus  indirectly  increase 
the  accuracy  of  registration. 

In  conclusion  it  can  be  stated  that  the  requirement  of  a  brief 
paper  has  necessarily  resulted  in  the  discussion  of  only  one 
narrow  phase  of  the  general  subject  of  metering.  The  possi- 
bilities of  the  shunt  type  of  meter  have  by  no  means  been  com- 
pletely covered.  No  mention  has  been  made  of  the  proper 
assignment  of  the  present  type  of  astatic  and  four-pole  meters 
for  different  installations  and  switchboard  designs.  Nor  has 
the  subject  of  proper  instruments  and  artificial  loads  for  test 
purposes  been  dealt  with,  although  all  of  these  points  are  related 
and  essential  to  the  proper  metering  of  large  direct-current 
installations. 


A  paper  presented  at  the  29th  Annual  Conven- 
tion  of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28,  1912. 

Copyright.  1912.    By  A.  I.  E.  E. 


MEASUREMENT    OF    ENERGY    WITH    INSTRUMENT 

TRANSFORMERS 


BY  ALEXANDER  MAXWELL 


A  good  deal  has  been  written  concerning  the  determination 
of  the  ratio  and  phase  angle  of  instrument  transformers,  and 
several  methods  are  now  available  which  are  of  good  accuracy. 
Also,  there  is  considerable  matter  available  regarding  the  design 
of  such  transformers,  with  reference  to  the  production  of  sat- 
isfactory ratio  and  phase  angle  characteristics.  Comparatively 
little  has  appeared,  however,  concerning  the  effect  of  ratio  and 
phase  angle  upon  the  accuracy  of  watt-hour  meters. 

The  effects  of  ratio  and  phase  angle  upon  the  indications  of 
switchboard  instruments  can  generally  be  provided  for  without 
much  difficulty,  and  where  these  effects  become  important  in 
connection  with  special  measurements  made  with  portable 
instruments,  such  as  precise  measurements  over  a  wide  range 
of  currents  or  voltages,  or  at  low  power  factors,  correction  may 
readily  be  made  for  them,  the  only  requirements  being  a 
knowledge  of  the  ratio  and  phase  angle  characteristics  of  the  par- 
ticular transformers  used,  and  some  rather  tedious  calculations. 

With  watt-hour  meters,  however,  the  problem  is  more  diffi- 
cult. It  is  not  possible  to  adjust  such  meters  to  compensate 
automatically  for  changes  in  ratio  and  phase  angle  for  different 
loads  and  different  power  factors  within  the  range  of  the  meter. 
Legal  and  commercial  considerations  require  that  such  meters 
be  maintained  within  certain  specified  limits  of  acou'acy.  It 
is  the  purpose  of  this  paper  to  consider,  briefly,  some  aspects 
of  the  problem  presented  by  the  use  of  instrument  trans- 
formers in  connection  with  watt-hour  meters. 
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Potential  Transformers 

Deviations  from  stated  ratio  and  ideal  phase  relation  are  small 
in  potential  transformers,  as  compared  with  current  trans- 
formers. Ftirthcrmore,  in  a  large  majority  of  cases,  potential 
transformers  are  used  in  connection  with  constant  potential 
systems,  and  at  constant  secondary  load,  and  therefore  the  de- 
termined values  of  ratio  and  phase  angle  for  that  particular 
load  remain  imchanged.  Ratio  may  be  taken  into  account 
once  for  all  in  the  calibration  of  the  meter.  Phase  angle  may 
not  be  compensated,  except  for  a  partictdar  value  of  load  power 
factor,  as  shown  later,  but  in  most  cases  the  error  due  to  this 
deviation  from  the  ideal  phase  relation  will  be  negligibly  small. 

Current  Transformers 

Generally  speaking,  modem  current  transformers  of  the  best 
design,  under  favorable  conditions  of  use,  show  quite  satisfac- 
tory ratio  curves  for  secondary  currents  down  to  10  per  cent 
of  rated  current.  Similarly,  the  angle  by  which  the  secondary 
current  differs  from  the  ideal  180-deg.  relation  with  the  primary 
ctirrent  is  small  over  a  quite  wide  range,  but  may  still  introduce 
serious  errors  at  low  load.s. 

Ciurent  transformers  of  special  design,  such  as  those  intended 
for  portable  use,  or  in  other  cases  where  special  efforts  are  made 
to  reduce  the  weight  of  the  transformer,  generally  have  ratio 
and  phase  angle  characteristics  which  render  them  quite  un- 
suitable for  use  in  connection  with  watt-hour  meters. 

Ratio.  Where  current  transformer  ratios  have  the  same 
value  from  full  secondary  load  to  a  small  secondary  load  such 
as  5  or  10  per  cent,  the  meter  accuracy  is  not  affected,  since 
this  ratio,  whatever  its  value,  is  accounted  for  in  the  calibrating 
constant  of  the  meter. 

Where  the  ratio  curve  bends  upward  at  low  loads,  or  in  the 
occasional  cases  where  it  bends  downward,  as  shown  in  Fig.  1, 
the  meter  accuracy  is  affected  if  some  compensation  is  not 
provided. 

It  is  possible  to  compensate  within  somewhat  narrow  limits 
for  this  variation  in  ratio,  by  utilizing  the  light  load  adjustment 
of  the  meter;  that  is,  for  the  commonest  case  (ratio  increasing 
with  decreasing  current)  causing  the  meter  to  run  slightly  fast 
at  light  load,  to  compensate  for  the  increase  in  ratio,  which  tends 
to  make  the  meter  under-record. 

The  obvious  objection  to  this  procedure  is  that  it  may  cause 
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the  meter  to  creep.  A  number  of  experiments  made  on  many 
different  types  of  induction  watt-hour  meters  indicated  that 
such  over-compensation  might  be  carried  out  without  any  tend- 
ency toward  creeping,  up  to  amounts  corresponding  to  101  to 
103  per  cent  of  "  normal  "  spSed,  and  at  5  per  cent  load.  Some 
results  of  such  tests  are  shown  in  Fig.  2.  It  is  true  that  these 
tests  refer  to  rated  voltages  and  frequency,  but  since  the  per- 
missible range  of  compensation  seems  to  be  considerably  greater 
than  that  required  to  correct  for  transformer  ratio  errors  such 
as  those  shown  in  Figs.  2  and  3,  it  is  possible  that  this  method 
of  compensation  may  be  applied  without  disturbing  the  stability 
of  the  meter  with  respect  to  creeping.  In  cases  where  the  trans- 
former ratio  curve  bends  downward  at  low  load,  it  is  of  course 
very  easy  to  adjust  the  meter  to  accommodate  the  ratio. 
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Transfobmebs,   all   witb 
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Another  limitation  of  this  method  lies  in  the  fact  that  trans- 
former ratio  curves  are  not  always  of  the  same  form  as  the  ac- 
curacy curve  of  the  meter,  and  in  this  case,  of  course,  complete 
compensation  cannot  be  obtained.  However,  the  most  satis- 
factory current  transformers  have,  when  lightly  loaded,  ratio 
curves  of  the  form  shown  by  curve  A  in  Fig.  3.  The  form  of 
this  curve  reasonably  approximates  the  form  of  the  meter 
curves  shown  in  Fig.  2.  Curve  B  in  Fig.  3,  which  is  fairly 
typical  of  the  change  produced  by  loading  the  transformer,  is 
of  a  form  unsuitable  for  compensation.  This  indicates  the 
desirability  of  restricting  the  load  upon  the  secondary  of  the 
current  transformer  to  a  minimum,  preferably  the  meter  series 
coil  and  short  leads  only. 

Phase  Angle.  Phase  angle  cannot  be  compensated  by  anv 
means    which    vriU    operate    automatically.     Since    the    meter 
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torque  depends  upon  E  I  cos  {9  +  ^)  where  ^  is  the  transformer 
phase  angle,  the  error  will  vary  with  the  line  power-factor,  and 
since  the  transformer  phase  angle  will  vary  with  the  current 
the  error  will  also  vary  with  the  line  current. 

A  few  curves  showing  tyi^ical-  phase  angle  characteristics 
of  modem  current  transformers  of  various  types  are  given 
in  Fig.  4.  Fig.  5  shows  the  errors  of  measurement  produced 
for  various  values  of  transformer  phase  angle,  for  different 
line  powsr  factors.  These  curves  are  computed  for  the  con- 
dition where  the  secondary  current  leads  the  primary  current 
in  phase. 

From  Figs,  4  and  5  it  will  be  seen  that  for  ordinary  commercial 
range  of  line  power  factors,  the  errors  produced  by  transfonner 
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Fig.     3 — Watt-houb      Meter  Fig.  4— Phase    Angle,     C«r- 

OVEB-COMPENSATBD      BY      MEANS  BENT     TRANSFORUEBS,     ALL     WITH 

OF  Light  Load  Adjustment.  Minihuu  Secondabv  Load. 


phase  angle  are  comparatively  small  with  transformers  of  good 
design.  Where  great  accuracy  is  required,  or  where  loads  having 
low  power  factor  are  to  be  measured,  errors  due  to  this  caus^ 
become  troublesome.  Apparently  the  remedy  for  this  (besides 
selecting  transformers  having  minimum  pha^e  angle)  is  to  load 
the  transformer  as  little  as  possible.  Reactance  may  be  added 
in  the  secondary  ciicuit,  to  correct  for  phase  angle,  but  only  at 
the  expense  of  the  ratio.  The  writer's  experience  has  been  that 
with  several  different  types,  the  ratio  errors  have  increased 
faster  than  the  phase  angle  errors  diminished,  and  the  former 
finally  became  unmanageable.  On  the  whole,  it  seems  best 
to  reduce  phase  angle  as  much  as  possible,  by  reducing  the  load 
u|)on  the  transformer. 

A  common  difficulty,  which  constitutes  another  reason  for 
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supplying  watt-hour  meters  from  separate  transformers,  lies 
in  the  practise  of  assigning  over-size  transformers  for  relay 
work.  This  over-size  assignment  is  desirable,  or  necessary, 
for  the  relay,  since  the  only  function  of  the  latter  is  to  operate 
at  overloads  generally  much  greater  than  the  normal  load  of 
the  circuit,  and  it  is  important  that  the  actual  secondary  current 
in  the  relay  windings  shall  not  attain  excessive  values.  The 
result,  however,  where  a  meter  is  in  series  with  the  relay,  is 
that  the  meter  may  actually  be  assigned  at  from  one-half  to 
two-thirds  of  its  rated  current  and  load;  at  very  low  loads 
on   the   circuit,   corresponding  to   5  or   10   per  cent  of  rated 
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circuit  full  load,  the  meter  may  actually  be  operating  at  2  to 
7  i>er  cent  of  its  rating,  with  all  the  attendant  exaggeration  of 
ratio,  phase  angle  and  meter  errors. 

A  question  of  design  arises  in  connection  with  transformers 
for  use  in  power  supply  systems  of  great  magnitude.  Here 
it  has  been  found  that  transformers  of  small  primary  capacity 
are  unable  to  withstand  the  enormous  mechanical  forces  pro- 
duced on  short  circuit,  and  under  these  conditions  they  have 
been  destroyed.  This  condition  has  called  for  the  development 
of  special  types  of  transformers,  and  in  these  the  necessity  for 
preserving  the  desirable  ratio  and  phase  angle  characteristics 
of  normal  designs  results  in  a  great  increase  in  weight. 
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In  conclusion,  it  may  be  said  that  the  best  commercial  types 
of  current  and  potential  transformers  show  characteristics 
which  make  them  satisfactory  for  service  in  connection  with 
watt-hour  meters,  under  ordinary  conditions  of  use.  It  appears 
further  that  some  sources  of  error  may  be  at  least  partially  com- 
pensated, and  that  the  more  serious  errors  may  be  largely 
avoided  by  loading  transformers  only  with  the  meter  which  they 
supply.  It  is  also  true  that  very  serious  errors  may  be  pro- 
duced by  the  use  of  transformers  having  poor  ratio  and  phase 
angle  characteristics,  and  that  such  transformers  should  there- 
fore not  be  used  for  energy  measurements,  however  satisfactory 
they  may  be  for  less  exacting  service,  such  as  the  operation  of 
trip  coils  or  relays 


.4  paper  presemed  at  the  29th  Annuat  Conien- 
tion  of  the  American  Institute  oS  Electrical 
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WHEATSTONE   BRIDGE- ROTATING  wSTANDARD 
METHOD   OF   TESTING   LARGE   CAPACITY 

WATT-HOUR   METERS 


BY    C.    H.    INGALLS    AND   J.    W.    COWLES 


There  are  two  general  classes  of  large  capacity  watt-hour 
meters,  alternating-current  and  direct-current.  The  meters 
used  for  alternating  current  are  almost  invariably  of  the  induc- 
tion type,  generally  five-ampere  meters  used  in  conjunction  with 
current  transformers,  or  both  current  and  potential  trans- 
formers. A  facile  and  accurate  method  of  testing  these  meters 
is  by  means  of  an  induction  type  of  rotating  standard  which  by 
means  of  standard  instrument  transformers  may  be  made 
available  for  testing  any  alternating-current  meter  of  any  ca- 
pacity, with  a  precision  well  within  commercial  limits. 

Where  large  capacity  direct-current  meters  are  to  be  tested, 
however,  the  problem  is  somewhat  more  difficult.  The  method 
usually  chosen  is  the  indicating  instrument-stop-watch  method, 
by  which  method  the  energy  delivered  to  the  meter  under  test 
is  measured  by  indicating  instruments  (voltmeter,  millivolt- 
meter  and  shunt)  and  the  speed  of  the  meter  determined  by  a 
stop-watch.  Where  the  load  is  constant,  this  method  is  satis- 
factory, but  for  power  circuits  similar  to  street  railways,  where 
there  are  rapid  fluctuations  of  considerable  magnitude,  this 
method  is  not  desirable. 

The  rotating  standards  have  many  advantages  when  used  on 
loads  of  this  character,  but  unfortunately  they  are  not  made 
commercially  of  a  capacity  exceeding  150  amperes  and,  unlike 
milli voltmeters,  it  is  not  advisable  to  use  them  directly  with 
shunts,  with  the  possible  exception  of  the  mercury  flotation  type 
of  standard. 
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In  orderjto  adapt  the  rotating  standard  to  the  testing  of  meters 
of  1000  or  2000  amperes  capacity  a  differential  galvanometer 
was  devised  by  Prof.  F.  A.  Laws,  of  the  Massachusetts  Institute 
of  Technology,  which  was  so  arranged  that  a  standard  of 
moderate  capacity  could  be  used.  It  consisted  essentially  of 
two  current  coils  wound  in  opposition,  having  between  them  a 
pivoted  coil  of  fine  wire.  The  apparatus  and  connections  are 
shown  diagrammatically  in  Fig.  1.  The  coil  a  is  of  few  turns 
(actually  a  straight  copper  bar)  but  of  sufficient  capacity  to 
carry  the  full  line  current.  Coil  b  has  the  same  ciurent  capacity 
as  the  rotating  standard  and  with  such  a  number  of  turns  that 
by  adjusting  the  resistance  d  the  effect  of  the  ciurent  in  b  will 
counterbalance  the  effect  of  the  ciurent  in  a  on  the  coil  c. 

With  this  condition  of  balance,  c 
which  is  indicated  by  the  pointer 
e,  the  ratio  of  the  two  currents 
la       .   ,    la  +  Ib 


also 


IS  a  con- 


FlG.    1 


lb  '  ^^^         lb 

stant,  and  the  rotating  standard 
will  measure  a  definite  per- 
centage of  the  total  energy 
delivered  to  the  meter  under 
test.  This  ratio  and  percentage 
are  determined  in  the  laboratory 
by  actual  measurements.  The 
differential  galvanometer  as  de- 
scribed above  is  subject  to 
the  influence  of  external  fields, 
and  a  modification  of  this  method  was  devised  by  the  writer, 
based  on  the  general  principle  of  a  Wheatstone  bridge.  The 
arrangement  of  the  resistances  and  the  rotating  standard  is  shown 
diagrammatically  in  Fig.  2,  where  a,  b,  and  c  are  fixed  resistances 
forming  three  arms  of  the  bridge,  the  rotating  standard  and  the 
adjustable  resistances  d  and  e  forming  the  fourth  arm.  When 
the  potential  differences  between  the  terminals  of  the  two  resist- 
ances a  and  b  are  the  same  (and  since  they  have  one  terminal 
in  common,  this  is  indicated  by  the  galvanometer  reading  zero) , 
the  current  in  a  is  to  the  current  in  b  as  the  resistance  of  b  is  to 
the  resistance  of  a,  or 


la         Rb 
lb    =    Ra  °' 


la  +  lb 
lb 


Ra  +  Rb 
Rb 


1912] 


ELECTRICAL    MEASUREMENTS 


1553 


Ra  and  Rb  are  constant,  therefore 


la  +  lb 
lb 


is  a  constant  as 


long  as  the  galvanometer  indicates  a  zero  reading.  la  +  lb 
is  the  current  measured  by  the  meter  under  test  and  lb  is  the 
current  measured  by  the  rotating  standard,  therefore  the  rota- 
ting standard  measures  a  certain  definite  percentage  of  the  cur- 
rent supplied  to  the  service  meter.  This  percentage  may  be 
computed  from  known  values  of  Ra  and  Rb  or  preferably  by 
actually  measuring  the  values  of  la  and  lb.  The  condition  of 
balance  between  a  and  b  is  obtained  by  adjusting  the  resistances 
d  and  e,  d  being  a  strip  of  resistance  metal  used  for  coarse  adjust- 
ments and  e  a  carbon  compression  rheostat  used  for  the  fine 
adjustment.    The  three  resistances  a,  ft,  and  c  are  preferably  made 


Fig.  2 


of  nianganin  in  the  same  form  as  instrument  shunts,  as  manganin 
has  a  negligible  temperature  coefficient  and  low  thermal  effect, 
a  and  c  should  be  of  a  current  capacity  sufficient  to  carry  the 
full  line  current  and  b  approximately  40  to  50  amperes.  The 
full  load  drop  in  potential  is  100  millivolts  each  for  a  and  b  and  400 
millivolts  for  r.  Any  change  in  the  resistance  of  the  rotating 
standard  due  to  the  temperature  coefficient  of  the  copper  current 
windings  or  change  in  the  contact  resistance  is  readily  compen- 
sated for  by  the  rheostat  r,  but  in  practise  it  is  found  that  after 
the  preliminary  adjustment  very  little  further  change  is  required. 
It  is  quite  necessary  for  accurate  work,  however,  to  use  material-; 
that  have  very  small  thermoelectric  effect  upon  each  other,  as 
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in  the  first  ajJijaratus  made  up  for  trial  more  trouble  was  expe- 
rienced from  this  source  than  any  other.  By  using  manganin 
for  the  resistances  no  difficulty  from  this  source  will  be  expe- 
rienced. 


ROT.   bTD. 


TO  LOAD 


L      _._   oj 


Fic.  4 


ol 


ROT.   STO 


qJ  >to  LOAi; 


j3i;iZ:J 


ARPAS<>€MENT  Of   iHli'.Tl 
*SD  REMITTANCES  TOR  TF  .Tl".  . 
?00n  AMPERE  VLTLRS 


Fig.  5 


Fig.  3  shows  the  arrangement  of  the  resistances  for  teslinj.: 
both  1000-amixTc  and  2000-amperc  meters,  Fig.  4  the  con- 
nections for  testing  1000-ampere  meters  and  Fig.  5  the  con- 
nections for  2000-ampere  meters.     Fig.  6  is  a  reproduction  of  a 
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photograph  of  the  entire  equipment,  except  the  chest  used  for 
transporting  the  resistances  and  cables.  This  chest  is  approxi- 
mately 32  by  19  by  14  inches  (81  by  48  by  35  cm.). 

In  using  the  direct-current  rotating'  standard  care  should  be 
exercised  to  guard  against  the  influence  of  external  fields,  and 
since  this  apparatus  is  designed  for  use  in  places  where  large 
currents  are  involved,  precaution  should  be  taken  either  to 
take  two  series  of  readings,  one  series  to  be  with  both  the  current 
and  potential  leads  of  the  rotating  standard  reversed,  or  to 
change  bodily  the  position  of  the  standard  180  deg.  and  take  a 
series  of  readings  in  both  azimuths.  In  either  case  the  average 
of  the  two  series  should  be  used. 

Following  arc  the  results  of  tests  on  various  550-volt  meters 
supplying  street  railways.  In  some  instances  the  current  varied 
from  zero  to  the  full  capacity  of  the  service  meter  during  the 
test. 


•  • 


TEST    NO.  1— 2000-AMPERE.  SfiO-VOLT  TWO-WIRB  METER 


Position  of 
standard 


B 


00  dcg. 


(.: 


U 


270  dcK. 


0  deg.    ; 


180  dcg. 


Revs,  of 
standard 


23.42 
23.62 
23.29 
23. 4G 

23.41 
23.37 
23.51 
23.52 

24.20 
24.11 
23.96 
24.02 

24.17 
24.39 
24.17 
24.13 


Average 


23.42 


23.45 


24.07 


24.22 


Correct         Per  cent  of  accaracy 
revolutions    i    of  Mrvice  meter 


24.18 


24.18 


24.18 


24.18 


Average  A  and  C , 

Average  B  and  D , 

Average  A,  B.  C  an«i  I). 


103.2 


103.1 


00.fi 


00.8 


101.35 
101. 4fi 
101.4 
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TEST  NO.  2--600-AMPERB.  550-VOLT  TWO-WIRE  METER 
Vbry  Fluctuating  Load  on  this  Metbr. 


Average  of  A  and  C 

•  Band  D 

■  A.  B,  C  and  D. 


101.60 
101.30 
101.45 


Position  of 

j            standard 

1 

Revs,  of  . 
standard 

Average 

Correct 
revolutions 

Per  cent  of  accuracy 
of   service   meter 

1 

*    A 

1 

Odeg. 

10.81 
10.92 
10.96 
10.79 

10. «7 

11.48 

105.6 

B 

00  deg. 

• 

11.45 
11.39 
11.47 
11.39 

11.42 

11.48 

1 
1 
1 

100.6 

1 

C 

180  deg. 

11.79 
11.69 
11.84 
11.76 

11.77 

11.48 

97.6 

D 

1 

270  deg. 

11.31 
11.23 
11.20 
11.29 

11.26 

11.48 

1                                       1 
102.0 

1 

TEST    NO.  3— 2000-AMPERE.  550-VOLT  TWO- WIRE  METER 


Position  of 

Revs,  of 

Average 

Correct 

standard 

standard 

:     revolutions 

1 

1 
1 

0  deg. 

10.52 
10.25 
10.20 

10.50 

10.41 

10.36 

B 

90  deg. 

10.46 
10.52 
10.64 

1 

10.75 

10.50 

19.30 

1  c 

1 
1 

180  deg. 

20.13 
10.04 
10.76 

20.04 

10.07 

19.30 

'    D 

1 

270  deg. 

10.71 

1Q    AA 

10.62 
10.50 


Average  of  A  and  C 

■  Band  D 

■  A.  B,  C,  and  D. 


19.57 


19.36 


Per  cent  of  accuracy 
of    service    meter 


09.8 


98.8 


97.0 


00.0 

08.4 
08.0 
08.65 
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TBST    NO.  4— 1200-AMPBRB.  5flO-VOLT  TWO-WIRB  MBTBR 


Average  of  A  and  C 

•  B  and  D 

■  A.  B,  C,  and  D. 


Poiition  of 

Reva.  of 

Avwace 

Per  cant  of  aficuney 

standard 

standard 

revolatioaa 

of  aarvioa  Bwtof 

A                   Odeg. 

14.71 
14.80 
14.74 

. 

• 

14.62 

14.67 

14.60 

00.0 

B                  90deg. 

14.51 

.14.68 

14.62 

• 

14.66 

14.61 

14.60 

00.2 

C                180  deg. 

13.88 
13.74 
18.74 

13.73 

13.77 

14.60 

106.8 

D               270  deg. 

13.82 
13.94 
18.80 

13.86 

13.86 

14.60 

104.6 

101.1 
101.0 
102.0 
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Discussion  on  "  Electrical  Transmission  of  Electrical 
Measurements'*  (Bliss), 

"  Metering  Large  Direct-Current  Installations  " 
(Magalhaes), 

"  Measurement  of  Energy  with  Instrument  Trans- 
formers *'  (Maxwell), 

'*  Wheatstone  Bridge — Rotating  Standard  Method  of 
Testing  Large  Capacity  Watt-Hour  Meters  '*  (Ingalls 
AND   CowLEs),    Boston,    Mass.,   June   28,    1912. 

William  J.  Mowbray :  It  is  somewhat  presumptuous  for  me  to 
congratulate  Mr.  Ingalls  on  this  paper,  but  I  will  presume  to 
do  so,  because  I  think  that  I  can  claim  being  the  originator  in 
the  United  States  of  the  rotative  watt-hour  test  meter. 
Seven  years  ago,  in  1905,  the  chairman  of  this  meeting,  Mr. 
Robinson,  presented  a  paper  entitled  The  Oscillograph  arid 
Its  Use  Sit  a  meeting  of  the  Institute  held  in  New  York 
City,  and  at  that  same  meeting  I  had  the  honor  of  present- 
ing a  paper  which  disclosed  for  the  first  time  the  method  of 
testing  watt-hour  meters  with  a  rotative  watt-hour  test  meter 
having  several  current  and  potential  windings.  The  paper  was 
entitled  Maintenance  of  Meters ^  and  brought  in  the  rotative 
test  meter.  At  that  time  this  method  of  testing  service  meters 
was  not  generally  used  at  all,  having  just  been  started  in  Brookljm 
and  New  York.  Boston  was  then  using  a  standard  resistance,  a 
voltmeter  and  a  stop  watch.  But  I  see  that  Boston  has  now  fallen 
into  line,  and  is  not  only  using  the  rotative  watt-hour  test  meter, 
but  has  added  to  the  method  of  using  it  a  degree  of  refinement 
that  is  characteristic  of  Boston.  I  congratulate  Mr.  Ingalls  on 
this  method,  which  is  very  clever  and  just  the  thing  for  testing 
large  meters  on  fluctuating  loads. 

F.  P.  Cox :  I  have  been  familiar  for  some  little  time  with  the 
work  that  Mr.  Ingalls  has  been  doing  with  this  method  of  testing. 
I  do  not  feel  I  could  pass  the  paper  without  saying  it  is  a  good 
and  tiseful  method. 

Referring  to  Mr.  Magalhaes^s  paper,  and  method  3,  it  seems  to 
me  the  object  of  meters  is  to  get  a  record  of  the  energy  used, 
and  if  this  is  the  most  accurate,  as  it  certainly  is,  it  is  worth  the 
money  the  extra  meters  cost. 

As  to  getting  a  totalizing  dial,  this  is  quite  a  problem.  I  have 
done  a  little  work  on  it  in  the  past,  by  magnetic  contact  from 
different  meters,  to  record  the  sum  of  the  impulses,  but  the 
trouble  in  that  case  is  that  sometimes  many  impulses  come  in  at 
once  from  the  different  meters  and  they  must  all  be  recorded. 
To  do  that,  you  find  it  necessary  to  record  on  the  totaling  dial 
one  impulse,  and  then  the  others  will  have  to  wait  and  stand 
there  until  they  get  a  turn  to  record;  it  can  be  done  and  has 
been  done,  but  the  device  is  rather  expensive  and  rather  com- 
plicated, and  if  you  should  add  this  to  the  already  large  expense 
of  the  separate  meters,  I  am  afraid  the  man  who  is  paying  the 
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bills  would  object.  But  the  separate  meters  and  adapting  the 
meter  to  the  circuit,  is  the  right  way  to  do  it,  and  if  the  job  is 
worth  doing  at  all,  it  is  worth  doing  right. 

In  regard  to  the  -shimt  meter,  that  has  possibilities;  it  also 
has  its  troubles.  I  do  not  know  how  Mr.  Magalhaes  proposes 
to  connect  these  things  so  as  to  do  away  with  the  troubles  of 
the  division,  because  if  you  are  using  the  shunt  meter  as  the 
total  carrying  meter,  you  still  have  the  problem  of  one  large 
meter  against  several  small  meters,  and  you  have  additional 
things  to  look  after  in  regard  to  contacts.  When  you  are  shunting 
five  or  ten  amperes,  you  have  the  larger  losses  in  the  higher 
capacity  meters,  because  you  would  have  the  drop  which  would 
come  from  the  low  capacity.  If  these  temperattu'e  effects  and 
loads  come  in,  while  you  would  get  a  system  which  would  be 
more  flexible,  I  doubt  very  much  if  it  woiild  add  to  the  accuracy 
of  the  meter.  It  has  not  been  overlooked  or  forgotten,  but  it  has 
troubles.  We  cannot  say  they  never  will  be  worked  out,  but  I 
have  not  yet  seen  anything  that  is  entirely  satisfactory. 

J.R.Craighead:  First,  with  reference  to  Electrical  Trans- 
mission of  Electrical  Measurements.  There  has  been  a  con- 
stantly increasing  call  for  various  kinds  of  meastirements  which 
are  to  be  recorded  at  a  considerable  distance  from  the  place 
where  the  actual  measurement  is  made,  and  it  seems  to  me  this 
paper  shows  a  method  of  doing  this  in  a  very  satisfactory  way 
with  a  certain  class  of  instruments.  However,  there  is  an 
alternative  way  of  doing  the  same  thing,  namely,  getting  the 
measurement  at  the  point  where  you  want  to  have  it,  which 
consists  in  designing  a  special  type  of  current  transformer,  in 
which  the  secondary  current  shall  be  reduced,  for  instance,  to 
0.5  ampere,  instead  of  5  amperes.  It  is  perfectly  practicable  to 
make  a  current  transformer  with  0.5-ampere  secondary  of 
practically  the  same  qualities  as  the  5-ampere  secondary. 

It  is  also  perfectly  practicable  to  make  an  instrument  employ- 
ing most  of  the  standard  types,  of  0.5-ampere  capacity,  instead 
of  5  amperes  capacity.  The  load  of  this  instrument  on  the  cur- 
rent transformer  is  about  the  same  fraction  of  the  capacity  of 
the  transformer  in  one  case  as  in  the  other.  This  leaves  the  same 
difference,  which  may  be  used  up  in  the  line  drop.  If  we  take  an 
ordinary  current  transformer,  of  5  amperes  capacity,  we  are 
limited  by  considerations  of  load  to  a  small  line  drop,  so  that 
the  practicable  distance  with  the  usual  size  of  wire  is  only  a 
few  hundred  feet  if  satisfactory  accuracy  is  to  be  seciured. 
By  cutting  the  secondary  down  to  0.5  ampere,  we  multiply  the 
length  of  the  line  using  the  same  wire,  and  consequently  the 
distance  to  which  we  can  transmit  over  that  wire,  by  100,  in 
some  cases  running  to  10,  15,  20,  or  even  40  miles,  the  size  of 
wire  necessarily  increasing  with  the  length  of  the  transmission. 

There  is  one  difficulty  in  connection  with  this  method  of 
building  current  transformers  which  ought  to  be  considered,  and 
that  is,  that  the  secondary  has  naturally  a  very  much  larger 
number  of  turns  than  the  standard  ciurent  transformers,  and 
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in  consequence,  if  the  secondary  is  accidentally  open-circuited, 
the  voltage  on  the  secondary  will  be  ten  times  larger  than  on  the 
corresponding  5-ampere  secondary.  This  implies  rather  special 
care  in  insulating  the  secondary  to  avoid  damage. 

As  far  as  the  potential  transformers  are  concerned,  for  ordinary 
purposes,  the  line  drop  may  be  considered  as  part  of  the  resistance 
of  the  instrument,  and  the  ordinary  potential  transformer  will 
therefore  answer  in  many  cases.  For  extreme  cases,  a  higher 
voltage  secondary  may  be  tised. 

In  regard  to  the  paper  on  Measurement  of  Energy  with 
Instrument  Transformers^  I  want  to  say  one  or  two  things. 
One  thing,  partioilarly,  is  in  regard  to  the  use  of  the  light-load 
adjustment  for  compensation.  That  has  been  argued  a  number 
of  times,  and  I  do  not  think  we  can  say  very  much  that  is  new. 
If  we  are  going  to  cut  down  the  safety  against  creeping  by 
calibrating  the  meter  to  run  fast  on  low  load,  we  are  going  to 
increase  the  percentage  of  meters  which  actually  do  creep.  It 
does  not  mean  that  the  meter  will  necessarily  creep  because  that 
is  done  to  it,  but  simply  means  that  out  of  a  large  number  that 
are  so  calibrated,  the  number  of  meters  that  would  creep  is 
increased,  and  the  result  is  that  this  method  should  not  be  used 
where  a  large  number  of  meters  are  to  be  without  examination 
for  long  periods.  If  the  meter  can  be  inspected  frequently,  as  is 
usually  the  case  where  high  accuracy  is  desirable,  then  this 
method  of  correction  may  sometimes  be  used  with  good  results. 

F.  V.  Magalhaes:  I  wish  to  emphasize  the  value  of  the 
apparatus  Mr.  Ingalls  has  developed.  It  is  a  combination  of 
instruments  and  apparatus  which  are  commonly  used  and 
owned  by  most  of  the  large  operating  companies.  He  obtains 
an  instrument  which  will  properly  check  the  watt-hour  meters 
on  fluctuating  service  loads.  Stating  the  point  in  another  way, 
he  has  produced  an  instrument  by  using  apparatus  which  is  at 
present  developed  and  in  use,  and  does  not  involve  the  design 
or  development  of  new  instruments.  It  is  merely  a  combination 
of  existing  apparatus. 

In  connection  with  Mr.  Maxwell's  paper,  the  errors  in  perform- 
ance of  meters  used  with  well-designed  current  transformers 
are  small.  It  must  be  borne  in  mind  also  in  analyzing  these 
errors  with  a  view  to  reducing  them  that  with  the  present  knowl- 
edge of  cxu'rent  transformer  design  and  performance  any  appreci- 
able reduction  in  these  errors  is  obtained  only  at  a  practically 
prohibitive  increase  in  the  physical  dimensions  of  the  trans- 
formers. 

W.  H.  Pratt :  Mr.  Magalhaes's  paper  brings  out  a  point  which 
I  wish  to  emphasize,  and  that  is,  in  using  current  transformers 
for  meters,  the  best  cxirrent  transformers  should  be  selected. 
Meters  ordinarily  are  expected  to  work  over  a  very  long  range, 
in  fact,  I  think  that  the  meter  has  to  take  care  of  a  longer  range 
of  observation,  you  might  say,  than  almost  any  other  piece  of 
apparatus  which  is  used  in  ordinary  work.    There  is  a  vast  dif- 
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ference  between  the  good  qualities  of  the  current  transformers 
that  are  available  on  the  market,  and  by  selecting  those  that  have 
the  best  characteristics  you  have  almost  no  trouble.  Slight 
errors  in  ratio  can  be  taken  care  of  in  the  calibration  of  the  meter, 
and  likewise  the  phase  angle  can  be  taken  care  of  by  an  adjust- 
ment of  the  lag  angle  of  the  meter,  if  limiting  accuracy  is  required. 

In  Mr.  Craighead's  discussion,  I  think  he  undoubtedly  has 
in  mind  current  transformers  which  have  also  come  imder  my 
own  observation,  which  depart  so  far  from  ideal  accuracy  that 
correction  would  be  unsafe. 

L.  T.  Robinson:  I  may  interpolate  a  comment  here  that 
will  perhaps  straighten  out  things.  The  papers  of  Mr.  Maxwell 
and  Mr.  Magalhaes  and  the  comments  of  Mr.  Craighead  and 
Mr.  Pratt,  are  largely  considerations  of  special  caSes  that  have 
come  up.  You  must  not  read  into  the  papers  that  all  these 
things  apply  to  all  the  work  which  we  have  to  do  ordinarily. 
If  you  give  close  attention  to  what  the  author  says  all  the  way 
through,  it  has  been  plainly  brought  out  that  for  ordinary 
service  and  in  general  the  present  conditions  are  fairly  satis- 
factory. 

T.  W.  Varley:  Mr.  Ingalls  pointed  out  in  the  sketch  the 
bridge  method  of  keeping  track  of  the  variation  of  temperature 
in  the  meter  tested.  He  says  that  the  drop  in  each  zone  is  practi- 
cally 400  millivolts.  I  woidd  like  him  to  explain  how  he  adjusts 
these  loads. 

C.  H.  Ingalls:  The  resistances  may  be  measured  by  a  bridge, 
and  from  the  ratio  of  the  two  resistances,  the  ratio  of  the  cturent 
with  a  balance  on  the  voltmeter,  can  be  readily  determined. 
It  is  preferable,  however,  to  use  two  ammeters  and  then,  by 
adjusting  the  resistances,  get  the  galvanometer  to  read  zero, 
and  then  take  the  ratio  of  these  currents.  Repeated  tests  have 
shown  that  the  ratio  remains  very  constant.  There  is  another 
method.  If  the  two  shunts  are  not  electrically  connected  in  a 
very  permanent  manner,  of  course  the  instrument  will  get  out  of 
calibration.  In  order  to  get  aroimd  that  difficulty,  if  you  want  to 
use  two  ordinary  shunts,  that  are  not  specially  made  for  the 
purpose,  by  using  a  differential  milli voltmeter  you  can  obtain 
the  zero  reading. 

T.  W.  Varley:     Would  it  not  be  better  to  use  a  double  bridge? 

C.  H.  Ingalls:  A  differential  voltmeter  that  is  suitable  for 
that  purpose  is  on  the  market,  I  believe. 

T.  W.  Varley:  Would  it  not  be  better  to  use  a  Thomson 
double  bridge?  That  is  an  easy  way  of  using  it. 

C.  H.  Ingalls:  Yes,  but  this  method  was  also  devised  by 
Prof.  Laws  in  his  laboratory,  but  never  used  outside  commercially. 

Albert  Ganz:  If  you  have  the  two  ammeters,  why  do  you 
need  to  know  the  resistances  of  the  shunt? 

C.  H.  Ingalls:  You  do  not,  in  that  case.  Three  ammeters 
may  be  used  for  measuring  resistances,  or  you  can  use  two 
ammeters. 
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Alexander  Maxwell :  I  think  that  reference  to  my  paper  will 
take  care  of  most  of  the  comments  made  upon  it.  It  is  there 
stated  that  for  all  ordinary  cases,  commercial  transformers  are 
quite  satisfactory.  Further  than  this,  almost  all  other  cases  can 
be  solved  by  lightly  loading  the  transformers.  The  difficulties 
referred  to  generally  occtu*  where  extra  load  is  imposed  upon  the 
transformers,  such  as  additional  indicating  meters,  or  relay 
coils.  The  manipulation  of  the  meter  light-load  adjustment  is 
altogether  a  last  resort,  which,  I  suppose,  would  only  be  employed 
very  rarely.  For  all  ordinary  cases  of  reasonable  loading  com- 
mercial transformers  are  quite  satisfactory. 

Paul  MacGahan:  I  agree  with  Mr.  Maxwell  as  to  the  desira- 
bility of  using  separate  transformers  for  relays  and  for  watt-hour 
meters.  There  is  a  strong  tendency  on  the  pare  of  some  switch- 
board builders  to  connect  too  many  devices  to  the  series  trans- 
formers so  as  to  economize  in  cost  or  space.  This  practise  has 
been  very  hard  to  discourage,  as  the  evil  effects  were  not  thor- 
oughly imderstood  by  operating  companies.  It  has  been  the 
invariable  practise  of  one  large  company  building  switchboards 
to  insist  on  separate  series  transformers  for  relays  and  for  watt- 
meters, and  nothing  else  in  series  with  watt-hour  meters  when 
intended  to  be  used  for  accounting  purposes. 

An  ammeter  of  low  internal  drop,  and  possibly  a  power 
factor  meter,  may  be  also  connected  in  if  the  watt-hour  meter  is 
merely  used  for  operating  purposes,  and  may  also  be  used  in 
connection  with  an  indicating  watt-meter,  as  the  latter  does  not 
require  the  light-load  accuracy  of  the  watt-hour  meter. 

Although  large  enough  series  transformers  might  be  built  to 
take  care  satisfactorily  of  a  watt -hour  meter  and  several  other 
instruments,  this  would  be  inadvisable,  as  two  separate  smaller 
transformers  would  be  cheaper.  Series  transformers  with  two 
separate  secondary  coils  on  separate  cores  have  been  used,  one 
secondary  operating  the  relays  and  the  other  the  watt-hour 
meters. 

A  convenient  grouping  of  instruments  on  two  sets  of  trans- 
formers would  be  as  follows: 

One  set  operating  relays,  ammeters  and  power  factor  meters. 
One  set  operating  wattmeters. 

Elmer  L.  Kyle:  Independent  of  the  fact  that  shunted  type 
watt-hour  meters  may  be  used  in  future  installations  of  large 
capacity  meters,  there  are  a  comparatively  large  number  of 
the  series  type  still  being  built  and  many  are  in  use  at  the 
present  time.  The  testing  of  the  present  type  is  rather  awkward 
and  in  many  cases  inaccurate,  especially  in  testing  those  of 
extremely  large  capacity.  In  the  latter  case  it  is  practically 
impossible  to  test  them  except  by  the  use  of  switchboard  instru- 
ments. 

The  method  devised  by  the  authors  of  the  paper  is  funda- 
mentally simple  in  principle,  easily  manipulated,  and  the  device 
is  conveniently  transported,  making  it  possible  more  readily  and 
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more  frequently  to  test  and  maintain  the  accuracy  of  the  large 
capacity  meters. 

The  importance  of  this  class  of  testing  may  not  be  fully 
appreciated  but  the  increasing  demand  for  large  loads  makes  it 
quite  a  nmtter  of  importance  to  electric  lighting  and  power 
companies. 

I  might  also  add  that  although  certain  types  of  shtmted 
meters  possess  the  redeeming  feature  of  testing  in  service  with  a 
comparatively  low  cxirrent,  the  method  outlined  by  Mr.  Ingalls 
and  Mr.  Cowles  is  much  more  desirable  since  it  possesses  many 
of  the  ideal  features  in  meter  testing. 

John  Gilmartin:  It  frequently  happens  that  the  diversity 
factor  of  the  natural  component  parts  of  an  installation  is 
large  enough  to  permit  of  a  much  smaller  kilowatt  capacity  of 
meters  to  be  installed  if  the  total  load  is  metered  at  one  point 
than  if  method  No.  3,  as  described  by  Mr.  Magalhaes,  were 
followed. 

The  light  and  full  load  accuracy  of  registration  will  be  higher 
on  the  main  meter  or  meters  than  on  the  sum  of  the  individual 
meters. 

For  example,  in  an  installation  large  enough  to  come  tmder  the 
heading  of  this  paper,  it  is  unlikely  that  janitor  work,  etc.,  would 
be  performed  only  on  one  floor  or  in  one  building  at  the  same 
time. 

The  usual  result  would  be  that  instead  of  the  individual  meters 
working  at  favorable  loads,  they  would  each  operate  at  a  com- 
paratively small  load,  and  it  is  probable  that  if  main  meters  had 
been  selected  with  proper  consideration  of  the  diversity  factor 
they  would  operate  at  a  more  favorable  point  on  the  accuracy 
curve  than  the  individual  meters. 

The  same  reasoning  holds  for  large  installations  having  a 
nimiber  of  motors,  the  diversity  factor  of  which  is  frequently 
large. 

Method  No.  3,  as  pointed  out  in  the  paper,  is  very  well  adapted 
to  metering  separate  converters  or,  as,  was  shown  in  a  recent 
case  that  the  writer  investigated,  to  the  metering  of  separate 
generators  in  a  power  station. 

It  is  the  usual  practise  to  operate  generating  units  up  to  at 
least  half -load  rating,  thus  giving  a  very  favorable  condition  for 
high  meter  accuracy,  while  on  the  other  hand,  if  meters  are 
installed  in  the  station  bus  they  will  operate  at  small  loads  a 
considerable  part  of  each  twenty-four  hours,  because  the  load 
curve  of  the  meters  will  follow  the  station  load  curve. 
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INDUCTION  TYPE  INDICATING  INSTRUMENTS 


BY   PAUL   HAC    GAHAN 


The  modem  swi  tchboard,  controlling  as  it  does  large  amounts 
of  power,  and  often  situated  where  space  is  at  a  prenuunit 
demands  a  different  type  of  switchboard  instrument  from  that  to 
be  found  on  older  switchboards.  Moreover,  modem  genemttng 
equipments,  generally  turbine-driven^  have  resulted  in  a  readjust- 
ment  of  the  comparative  importance  of  the  different  kinds  of 
electrical  errors  to  which  indicating  meters  are  subject.  For 
example,  the  frequency  of  a  modem  S3rstem  does  not  usually 
vary  more  than  one  or  two  cycles  from  the  normal  speed,  and 
therefore  frequency  characteristics  are  less  important,  whereas 
formerly  this  was  one  of  the  great  sources  of  error.  Again, 
due  to  operation  with  larger  currents  or  higher  potentials,  the 
external  magnetic  or  electrostatic  field  effects  are  greatly  in- 
creased. 

The  tendency  of  the  designer  should  now  be  toward  prin- 
ciples of  operation  or  construction  that  are  not  greatly  influenced 
by  external  fields  instead  of  those  free  from  frequency  errors. 
In  addition  to  this,  the  questions  of  compactness,  readability, 
aperiodicity,  ruggedness,  and  simpUcity  are  equal  in  import- 
ance to  accuracy.  Ordinarily  the  operator  does  not  hesitate 
to  repair  or  readjust  a  piece  of  electrical  machinery,  but  due  to 
the  fact  that  early  meters  comprised  '^  feather-weight  "  move- 
ments, delicate  wires,  pointers,  and  connections,  the  operators 
have  developed  a  superstitious  dread  of  breaking  "  seals  "  and 
making  readjustments.  The  modem  meters  shoidd  be  suffi- 
ciently rugged  and  simple  to  be  readily  handled  by  im  operatii^ 
company's  "  meter  man." 
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Various  Principles  of  Operation 

For  alternating  currents  the  three  principles  of  operation 
found  in  the  best  instruments  today  are  as  follows: 

Moving  Iron  Electromagnetic  Type.  Good  initial  accuracy  of 
calibration.  Approximate  freedom  from  frequency  and  tem- 
perature errors.  Ratio  of  torque  to  weight — low.  Some  makes 
too  delicate.  Easy  to  repair.  Subject  to  both  alternating- 
current  and  direct-current  external  fields  unless  heavily  shielded. 
Short  scale  length. 

Moving  Coil  Electrodynamometer  Type.  Highest  in  initial 
accuracy  of  calibration  and  freedom  from  errors  due  to  frequency 
and  temperature.  Ratio  of  torque  to  weight — ^low.  Delicate. 
Difficult  to  repair.  Subject  to  external  fields  of  same  frequency 
unless  heavily  shielded  by  internal  laminated  iron  shields.  Short 
scale  length. 

Induction  Type.  Good  initial  and  continued  accuracy.  Ratio 
of  torque  to  weight — very  high.  Rugged  and  simple  movements. 
Easy  to  repair.  Extremely  long  scales  and  high  readability. 
Frequency  errors  greater  than  in  moving  coil  or  moving  iron 
types.  External  field  errors  due  only  to  fields  of  same  frequency, 
in  certain  directions,  and  are  slight. 

Other  principles  have  been  from  time  to  time  employed, 
but  the  race  has  now  narrowed  down  to  the  above  three  types. 

The  fundamental  or  distinctive  advantage  of  induction  in- 
struments for  switchboard  use  is  their  unequalled  scale  length. 
It  should  be  borne  in  mind  that  the  moving  coil  or  moving  iron 
meters,  as  now  manufactured,  evidently  represent  very  nearly 
the  highest  state  of  development  to  which  these  principles  can 
be  brought,  whereas  in  the  case  of  the  newer  induction  principle, 
much  can  be  expected  in  the  future  in  the  way  of  greater  refine- 
ments. It  is  the  writer's  opinion  that  the  induction  principle 
will  eventually  supersede  the  other  types  for  switchboard  work, 
for  the  same  reasons  that  this  principle  has  superseded  all  others 
in  the  case  of  a-c.  watt-hour  meters. 

Accuracy 

Induction  type  instruments  are  especially  free  from  external 
field  influences.  Nor  are  they  as  deficient  in  frequency  error 
characteristics  as  is  often  assumed.  Induction  type  ammeters 
and  voltmeters  having  an  error  of  less  than  1/20  per  cent  per 
cycle  are  now  obtainable,  so  the  error  due  to  this  cause  in  a 
modem  plant  would  not  be  noticeable. 
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Moving  iron  and  moving  coil  rnstruments,  although  prac- 
tically free  from  frequency  and  temperature  errors  when  properly 
designed,  are  extremely  subject  to  external  field  effects,  and  the 
best  practise  is  to  insert  heavy  shields  of  iron  within  the  thin  iron 
cases  to  overcome  this.  Without  such  shields  the  thin  iron 
cases  quickly  get  saturated  by  an  external  field,  after  which  the 
further  shielding  effect  ceases.  Their  light  torque  also  causes 
them  to  be  very  susceptible  to  external  electrostatic  effects 
which  cause  the  pointer  to  be  attracted  to  the  glass  or  case, 
introducing  troublesome  errors.  It  should  be  noted  that  moving* 
coil  meters  have  an  advantage  over  moving  iron  types  in  being 
influenced  only  by  external  magnetic  fields  of  the  same  frequency ; 
whereas  moving  iron  meters  are  affected  by  both  alternating 
and  direct  stray  fields. 

Temperature  errors  in  instruments  are  important,  as  varia- 
tions in  the  temperature  of  switchboards  may  be  considerable- 
Alternating-current  instruments  of  either  induction,  moving 
coil,  or  moving  iron  construction  are  readily  obtainable  whose 
temperature  errors  are  within  satisfactory  limits.  Self -heating 
errors  due  to  heat  liberated  in  the  meters  themselves  should 
be  carefully  avoided,  and  are  not  found  in  properly  designed 
meters. 

The  mechanical  sources  of  error  are  probably  of  greater  im- 
portance than  purely  electrical  ones  in  switchboard  instruments, 
as  the  causes  which  produce  them  also  reduce  the  life  of  the  de- 
vice and  greatly  increase  the  errors  with  usage  and  time.  In- 
struments having  the  highest  ratio  of  torque  to  weight  of  move- 
ment will  have  the  greatest  accuracy  and  longest  life  if  equiva- 
lent in  other  respects,  and  if  the  movement  is  not  sufficiently 
heavy  to  damage  the  jewels.  Experience  and  tests  have 
shown  that  15  grams  maximum  is  a  safe  limit  for  horizontal 
shafts  in  **  V  "  sapphire  jewels,  and  that  a  ratio  of  torque  to 
weight  of  0.15  is  a  satisfactory  minimum,  when  torque  is  expressed 
in  centimeter-grams,  and  weight  in  grams,  in  the  case  of  switch- 
board meters.  The  disadvantages  of  very  light  movements, 
even  if  the  torque  ratio  be  high,  is  that  the  slightest  mechanical 
strain  due  to  overload,  or  even  precipitation  of  moisture  on  the 
pointer,  will  throw  the  movement  out  of  balance;  thus  such 
meters  must  necessarily  be  provided  with  external  means  for 
zero  adjustment.  The  exceedingly  delicate  threaded  rods,  screws, 
and  oth*.  r  parts  visible  only  under  a  glass,  render  such  meters 
difficult  to  repair  outside  the  factory. 
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Compactness 
A  form  of  construction  considered  desirable  for  these  induction 
meters  consists  of  a  round  pattern  7-in.  diameter  case  with  a  glass 
front.  The  scale  length  is  UJ  in.,  subtending  an  arc  of  300  deg. 
This  gives  the  maximum  possible  compactness  and  readability. 
A  compact  airangement  of  large  switchboard  equipment  is  con- 
sidered important  on  account  of  the  cost  of  space  (particularly 
in  large  cities) ,  reduced  attendance,  location  in  operating  galleries, 
reduced  cost  of  marble  or  busbars,  and  visibility  of  all  instni- 


FiG.  1— Diagram  Showing  Couparative  Areas  Required  by  Various 
TvPES  OF  Metbrs  on  Switchboard  Panels. 


ments  from  point  of  operation.  These  features  are  of  such 
importance  that  it  is  not  unusual  to  find  that  the  meters  have 
been  made  to  suffer  in  consequence  by  a  reduction  in  scale  length, 
as  in  previous  types  of  7-in.  meters,  or  by  the  use  of  rectangular 
cases  with  curved  glass,  as  in  vertical  or  horizontal  edgewise 
meters. 

The  principal  types  of  switchboard  indicating  meters  are  given 
in  Table  I,  the  area  occupied  on  the  marble  by  the  circumscrib- 
ing rectangle  b^ing  tabulated  compared  to  the  scale  length. 
To  facilitate  comparisons  a  schematic  layout  of  various  panels 
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is  shown  in  Fig.  1,  using  7-in.  and  9-in.  round  pattern,  and  edge- 
wise m  ters.  The  limitations  of  round  type  7  in,  meters  have 
heretofore^  been  short  scale  length,  and  the  fact  that  complete 
lines  including  wattmeters,  frequency,  power  factor  meters,  and 
synchroscopes,  as  well  as  d-c.  and  a-c.  ammeters  and  voltmeters, 
have  not  been  available.  The  induction  principle  applied  to 
the  7-in.  ammeter,  voltmeter  and  wattmeter  has  apparently 
placed  this  7-in.  construction  on  an  entirely  new  basis,  the  scale 
length  being  equal  or  greater  than  in  any  previously  designed 
9-in.  meter. 

TABLE    I 
COMPARISON    OF   SCALE    LENGTHS   AND    SURFACE    COVERED 


Type  of  meter 

Round  pattern  7|  in.  diameter 
•       91  in.  '       ♦ 

Horizontal  edgewise  6x8}  in. 
Vertical  *        4    x  IS  in. 

4    X  18  in. 

5J  X  15*  in. 

♦Front  connected,  space  including  that  taken  by  terminals. 


Area  marble 

Scale  length 

58  sq.  in. 

5    to  14i  in.  according  to  make 

110  -     ■ 

6i  to  14i  in.          •           ■       ■ 

51    ■     ■ 

6  in. 

54    •     - 

12  in. 

72    •     ■ 

12  in. 

82    ■     • 

12  in. 

TABLE    II 
COMPARISON    OF    AREA    ON    PANEL    REQUIRED    PER    INCH    OF   SCALE 


Type  of  meter 


7  J  in.  round  pattern  (average) 

7J    ■         •  •         (induction  type) 

Q  I      «  •  a  II  ■ 

9J   •         -  -        (average) 

6  X    8}  in.  horizontal  edgewise 

4  X  18    in.  vertical  "       

.5J  X  l.')§  in.  vertical  " 

Illuminated  dial  (averagf). 


Square  inch  area  of  panel 

required  per  inch  length 

of  scale 


11 

3.0 

7.5 
15 

8.8 

0 

6.8 
10 


Rkadability 

Under  this  heading  we  may  consider  scale  length  and  distri- 
bution, form  of  scale,  reflections  from  glass  and  illumination. 
In  a  true  comparison  it  should  be  noted  that  if  the  long  .scale 
takes  a  larger  case  the  distance  from  the  operator  is  increased 
by  a  less  compact  arrangement  of  panels.  A  basis  for  comparison 
is  the  ratio  of  area  of  circumscribing  rectangle  to  the  scale  length 
in  inches.     Table  II  shows  such  a  comparison. 

In  voltmeters,  readability  at  the  normal  point  should  be  high ; 
in  ammeters,  readability   should  be  a   maximum  at  the   high 
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o'  the  scale,  as  overloads  should  be  indicated  with 
grea'jest  acctiracy.     Table  III  gives  a  comparison  o£  the  inc 
per  voh,  on  the  scale,  at  the  11 5- volt  point,  in  various  types 
130- volt  scale  voltmeters. 

A  consideration  of  importance  as  affecting  readability  is  tl 
of  the  proper  scale  and  pointer  illumination.  The  tendei 
is  noTT  to  iitnit  the  so-called  **  illuminated  dial  "  meters  to  swit 
Vjards  of  a  highly  decorative  character,  and  to  heavy  capac 
i-c.  panels  whose  size  is  determined  by  the  other  appara 
n-jour.ted  on  them.  Moreover,  rear  illumination  is  not  of  nn 
value  in  an  operating  room  in  which  the  general  illuminat 
tuls  rj€ien  worked  out  upon  proper  lines.  Full  glass  Eront  pla 
:r-.r./ead  of  metal  covers  with  cur\'ed  slots  in  them  for  show 
^he  scales,  greatly  improve  the  readability  by  thoroughly 


TABLE    III 
COMPARISON    OP   VOLTMETER    POINTER    DEFLECTIONS 


r^ 


KAlej 


t*>a.v.:7 

Size 

:'•>.-.--.:•. 

7|  :r,. 

71  ir.. 

'J\  in. 

91  :n. 

91  in. 

•  ■ 


fix    S\  ir.. 
IxIK    :r.. 


Type 


Round  partem  'induction  type)  a-c. 

*  "        ^average)  a-c. 

'        (induction  type)  a-c. 

*  "        (average)  a-c. 

(I)'Arsonval  type)  d-c. 
Horizontal  edgewise  a-c. 
Vertical  edgewiso  a-c. 


Point 


llS-TOlt 


IndH 
volt 


O.il 

o.a 

0.11 

O.a 
o.Im 

0J« 

o.u 


luminating  the  dial  and  by  allowing  the  whole  length  oC 
y/inVrr  to  be  seen  instead  of  showing  only  an  "  index  "  thm 
a  slot.  By  proper  arrangement  of  the  illumination,  troublfitd 
nrfl^^ction.s  from  flat  glass  fronts  can  be  entirely  eUminated  I 
r'^a/linjjs  can  be  taken  accurately  from  any  anglCp  a  matteK 
mu^h  ^freatcr  difTiculty  in  the  case  of  the  curved  glass  oabd 
'"Is^f^vrisc  meters. 

Pij(.  2  shows  a  novel  arrangement  of  a  black  dial  with  tH 
fiy/iTf'.A  and  [Kiintcr  which  in  certain  instances  will  be'lUi 
advantageous.  A  white  mark  on  a  black  ground  is  nradx  €ri 
V^  V:rc  than  a  black  mark  on  white.  A  white  object  CUM 
cz-rtain  amount  of  ''  halation  "  in  the  eye  or  through  a  phi 
j^raphic  lens,  causing  the  mark  to  look  larger.  This  halation  t 
*.':nd:-.  to  blur  black  lines  on  white  dials.  The  eye  aatomatie 
U-nds  to  adjust  itself  to  this,  causing  a  certain  amount  of  str 


1570     MAC  GAHAN:  ELECTRICAL   MEASUREMENTS    (June  28 

points  of  the  scale,  as  overloads  should  be  indicated  with  the 
greatest  accuracy.  Table  III  gives  a  comparison  of  the  inches 
per  volt,  on  the  scale,  at  the  115-volt  point,  in  various  types  of 
150-volt  scale  voltmeters. 

A  consideration  of  importance  as  affecting  readability  is  that 
of  the  proper  scale  and  pointer  illumination.  The  tendency 
is  now  to  limit  the  so-called  "  illuminated  dial  "  meters  to  switch- 
boards of  a  highly  decorative  character,  and  to  heavy  capacity 
d-c.  panels  whose  size  is  determined  by  the  other  apparatus 
mounted  on  them.  Moreover,  rear  illumination  is  not  of  much 
value  in  an  operating  room  in  which  the  general  illumination 
has  been  worked  out  upon  proper  lines.  Full  glass  front  plates 
instead  of  metal  covers  with  curved  slots  in  them  for  showing 
the  scales,  greatly  improve  the  readability  by  thoroughly  il- 

TABLE   III 
COMPARISON    OF    VOLTMETER    POINTER    DEFLECTIONS 


Full  scale 

Inches 

capacity 

Size          1 

Type 

Point 

per 
volt 

150- volt 

71  in. 

Round  pattern  (induction  type)  a-c. 

115-volt 

O.Hi 

7|in. 

*              •        (average)  a-c. 

0.035 

91  in. 

*              *        (induction  type)  a-c. 

0.16 

Of  in. 

*              '        (average)  a-c. 

m          m 

0.05 

91  in. 

*              *        (I)'Arsonval  type)  d-c. 

' 

0.052 

C  X    8)  in. 

ITorizontal  edgewise  a-c. 

0.023 

4x18    in. 

Vertical  edgewise  a-c. 

0.13 

luminating  the  dial  and  by  allowing  the  whole  length  of  the 
pointer  to  be  seen  instead  of  showing  only  an  **  index  '*  through 
a  slot.  By  proper  arrangement  of  the  illumination,  troublesome 
reflections  from  flat  glass  fronts  can  be  entirely  eliminated  and 
readings  can  be  taken  accurately  from  any  angle,  a  matter  of 
much  greater  difficulty  in  the  case  of  the  curvvd  glass  used  in 
edgewise  meters. 

Fig.  2  shows  a  novel  arrangement  of  a  black  dial  with  white 
figures  and  pointer  which  in  certain  instances  will  be  found 
advantageous.  A  white  mark  on  a  black  ground  is  much  easier 
to  see  than  a  black  mark  on  white.  A  white  object  causes  a 
certain  amount  of  '*  halation  "  in  the  eye  or  through  a  photo- 
graphic  lens,  causing  the  mark  to  look  larger.  This  halation  thus 
tends  to  blur  black  lines  on  white  dials.  The  eye  automatically 
tends  to  adjust  itself  to  this,  causing  a  certain  amount  of  strain. 


Fio    2— Black  Dial  M 


I 


Fig.  It— Buck  as-d  White  Dials  Comi 
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As  a  lens  cannot  adjust  itself  to  such  varying  conditions,  a 
photograph  of  a  white  dial  alongside  of  a  black  dial  meter  under 
identical  conditions  of  illumination  will  show  the  real  difference 
in  readability.  The  photograph  reproduced  in  Fig.  3  was  taken 
with  every  possible  precaution  to  insure  an  exact  comparison, 
and  the  result  is  in  favor  of  the  black  meter.  Meters  thus  ar- 
ranged with  black  dials  have  been  used  very  successfully  on 
electric  locomotives  operating  often  at  night  or  in  tunnels,  where 
the  glare  from  a  white  dial  would  seriously  interfere  with  the 
driver's  view  of  the  track  ahead  or  the  signals. 

Theory    and     Performance     of     Induction     Instruments 

The  ammeters,  voltmeters  and  wattmeters  with  which  the 
writer  is  most  familiar  consist  of  a  movement  comprising  an 

aluminum  drum  rotating  in  the 
air  gap  of  an  electromagnet, 
through  the  coils  of  which  pass 
the  currents  to  be  measured,  in 
the  manner  generally  known  as 
the  *'  induction  type  "  construc- 
tion. Such  instruments  may  be 
said  to  differ  from  the  moving 
coil  electromagnetic  instru- 
ments in  that  the  currents  in 
the  movable  element  which 
react  upon  the  field  of  the 
stationary  element,  thus  pro- 
ducing torque,  are  induced  in 
the  moving  element  by  the 
transformer  action  of  the  pri- 
mary coil  and  core,  instead  of 
being  conducted  intoit  by  means 
of  flexible  spring-conductors. 
In  analyzing  the  action  of  this  instrument  it  is  clearer  to  con- 
sider it  in  the  light  of  an  ordinary  moving  coil  electromag- 
netic instrument  than  as  an  induction  motor,  although  it  is  in 
reality  a  special  form  of  induction  motor. 

Thus  in  Fig.  6  the  laminated  iron  circuit  of  an  ammeter  is 
shown,  with  its  annular  air  gap  in  which  the  aluminum  drum  is 
free  to  rotate.  P  represents  a  primary  winding  through  which 
passes  the  current  to  be  measured.  5  -  5  is  a  secondary  winding 
short-circuited  on  itself.  The  dotted  lines  marked  <f)  represent 
the  various  magnetic  fluxes  produced  by  currents  in  the  coils. 


Fig.  0 — Diagram  of  Ammetkr 
Electromagnet. 
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The  windings  P  and  5  are  the  same  in  relation  to  each  other 
as  the  primary  and  secondary  windings  of  a  current  transformer, 
and  their  currents  are  similarly  related.  Thus  the  functioning 
of  this  type  of  induction  ammeter  can  be  said  to  be  due  to  a 
combination  of  the  actions  in  a  current  transformer  and  an 
induction  motor.  In  this  respect  it  differs  from  all  previous 
types  of  induction  meters,  the  result  being  an  exceptional  free- 
dom from  frequency  and  temperature  errors,  as  explained  further. 

Fig.  4  shows  the  movement  of  such  a  meter,  and  Fig.  5  shows 
the  electromagnet  assembled  on  the  base. 

Considering  the  induction  type  ammeter  from  the  moving 
coil  meter  standpoint,  we  have. 

Torque  =  <f)  I  cos  y  k  (1) 

in  which 

<f>  =  flux  produced  by  stationary  coil,  passing  through 

the  moving  coil. 
/  =  current,  moving  coil 
7  =  angle  of  lag. 
k  =  constant. 

In  the  induction  meter,  /  in  drum  /„  is  equal  to  .-^-**'**«"  *"  '*^'"" 


impedance  of  drum 


or  proportional  to  ^  -  ;  (iV  =  frequency.  Zd  =  impedance  of 

drum.)  If  <l>  were  oscillatory,  such  as  due  to  single-phase  currents 
in  primary  coil  P  only,  the  secondary  currents  induced  in  the 
drum  wotdd  be  in  the  plane  0  P  only,  and  thus  would  not  be  in 
a  position  to  cause  rotary  torque  in  connection  with  the  pri- 
mary flux  <f}p. 

If,  however,  an  additional  flux,  differing  in  phase,  is  intro- 
duced by  means  of  additional  coils  5,  this  flux  </>,  will  in  the 
instrument  as  constructed  be  in  a  direction  at  right  angles  to 
(f>Pf  and  will  thus  cause  torque  by  reacting  upon  the  secondary 
currents  in  the  drum  which  flow  in  the  direction  0  P.  At  the 
same  time  the  flux  <f>,  will  cause  secondary  currents  in  the  drum 
in  the  direction  OSy  which  are  in  a  position  to  react  upon  (l>p 
to  produce  torque.  Any  secondary  currents  induced  in  the  drum 
in  intermediate  directions  may  be  resolved  into  components  in  di- 
rections OP  or  OS  and  thus  are  represented  by  currents  in  these 
directions  only.  It  is  understood  that  the  fluxes  0^  and  </>,  do 
not  actually  exist  separately,  but  act  in  combination  to  produce 
a  resultant  flux  0f  which  rotates  with  a  frequency  equal  to  that 
of  the  circuit.     They  may  be  treated  separately  for  purposes 
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of  analysis,  however.    Thus  the  law  of  torque  of  such  an  instru- 
ment can  be  written: 


Torque 
a 


4>p  /«  cos  a  +  ff>9lp  cos  j3 
angle  between  ff>p  and  /« 
^  4>»  and  Ip 


(«) 


—       « 


It  is  assumed  throughout  this  discussion  that  the  values  J^, 
/«,  /',  I"^  etc.,  for  currents  arc  stated  in  terms  of  equal  tumS| 
or  as  '*  ampcre-tums." 

In  order  to  produce  currents  in  the  coils  5,  differing  in 
phase  from  those  in  the  primary  coils  P,  and  thus  produce  the 
fluxes  <f>»  and  4>p,  the  ''  transformer  "  arrangement  of  coils  is 
used  in  the  ammeter.  The  coils  P  are  wound  directly  over 
secondary  coils,  which  are  in  turn  short-circuited  through  the 
distributed  pole-piece  coils  S.  The  relations  between  the  cur- 
rents and  fluxes  are  the  same  as 
those  in  current  transformers, 
shown  graphically  in  Fig.  7, 
where  /'  =  current  in  primary,  ^      »^ 

/'  =  secondary    current,    and 
/«»  =  magnetizing  current. 


Fig.  7 — Diagram    of   Trans- 
FORiTBR  Relations. 


Pig.  S— Vector  Diagram  op 
Meter  Relations. 


The  flux  due  to  the  magnetizing  component  of  the  primary 
coil  is  in  the  direction  0  <f>p.  The  flux  produced  by  the  current 
in  the  secondary  coils  is  in  the  direction  0  (f>9,  in  phase  with  the 
current  I"  in  the  secondary  and  pole-piece  windings.  It  is  seen 
that  the  phase  angle  between  the  fluxes  0.  and  0^  is,  roughly 
speaking,  90  deg.,  thus  producing  a  rotation  of  the  moving  ele- 
ment as  previously  explained. 

The  <t>py  as  in  a  current  transformer,  is  inversely  proportional 
to  the  frequency,  but  <f},  is  independent  of  the  frequency,  being 
only  proportional  to  I". 

In  the  vector  diagram  Fig.  8,  let  O^^  =  the  primary  dxkd 
0  <t>,  the  secondary  flux.  At  right  angles  to  each  are  the  voltages 
0  Vp  and  O  V,  induced  by  these  fluxes  in  the  moving  drum.  Lag- 
ing  behind  these  voltages  are  components  of  the  current  in  the 
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drum,  O  Ip,  due  to  <^^,  and  01,  due  to  </>«.      (See  equation  2). 
Let  0  =  angle  between  <t>p  and  <^«. 

7   =  lag  of  currents  in  drum  behind  Vp  and  V,. 
Then  we  have  a   =    7  +  fl  +  90  deg. 

^  =   ^  _  g  +  90  deg. 

Whence,  cos  a  =  sin  (7+fljand  cos  ^  =  sin  Kj  —  d) 

Substituting  in  (2), 

Torque  =  <t>p  I,  sin  (y+0 )+<!>,  Ip  sin  {y-0)  (8) 

The  currents  in  the  drum  being  proportional  to  the  voltage 
induced  in  it  divided  by  the  impedance  of  the  drum  circuit, 
we  have 

^'  '     Z.K'  (4) 


in  which  K',K''^K"',  are  constants  which  will  hereafter  be  omitted 
for  deamess. 

As  <^^  =  —  and  <^,  =  /',  /'  being  the  current  in  the  primary 


coil,  we  obtain  by  substitution 


^'  -   Z„  (6) 


,  I' 


SubstitutiDg  in  (3) 


(/') 


2 


Torque  =    -^-  [sin  {y  +  0)  +  sin  (7-^));  whence, 

Torque  =   --^      (cos  7  sin  0)  (g) 

It  is  evident  that  Zo  ,7  and  0  are  functions  varying  with  the 
frequency  and  therefore  in  order  to  make  the  meter  independent 
of  frequency  we  must  make  cos  7  sin  0  =  Zo  ;  that  is,  the  func- 
tion cos  7  sin  0  must  vary  as  the  impedance  of  the  drum. 
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This  condition  for  independence  from  frequency  variations 
can  in  reality  be  only  approximated.  The  actual  design  is 
necessaiily  the  result  of  extended  experimentation  and  labora- 
tory work,  combined  with  calculation,  so  as  to  secure  the  great^t 
possible  range  over  which  the  meter  will  be  independent  of 
frequency.  The  performance  curves  on  the  ammeters  in  ques- 
tion show  a  maximum  difiFerence  in  readings  for  any  two  fre- 
quencies between  25  and  60  cycles  of  }  per  cent.     (See  Pig.  9). 

In  the  case  of  the  voltmeter,  the  primary  coil  is  wound  with 
fine  instead  of  coarse  wire,  and  an  external  series  non-inductive 
resistor  is  used,  wound  with  wire  having  a  sero  temperature 
coefficient. 


1(K 
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UJ 
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Pig.  9 — Performance  Curves,  AififSTBR* 


The  proportion  of  series  ohmic  resistance  to  the  total  imped- 
ance is  made  very  high  and  the  current  in  the  primary  coils 
of  the  voltmeter  is  almost  independent  of  the  frequency,  thus 
approximating  the  results  found  in  the  ammeter.     (See  Fig.  10.) 

In  the  above  discussion,  only  the  effect  of  the  variation  of 
frequency  upon  the  torque  was  covered.  In  addition  an  error 
may  be  introduced  by  the  varying  temperature,  changing  the 
resistance  of  the  drum  and  thus  the  currents  Ip  and  /« induced 
in  the  drum  (see  equation  3).  In  order  to  correct  for  this 
variation,  the  secondary  coil  circuit  is  arranged  to  have  a  tem- 
perature coefficient  of  resistance  such  as  exactly  to  cancel  the 
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effect  of  increased  resistance  of  the  drum.  To  do  this  advantage 
is  again  taken  of  the  effects  taking  plac?  in  current  transformers. 

If  in  a  current  transformer  the  primary  current  be  kept  con- 
stant, the  secondary  current  will  remain  approximately  constant 
for  a  considerable  variation  in  secondary  resistance.  Thus  any 
increase  in  secondary  resistance  causes  a  proportional  increase 
of  the  flux  in  the  core. 

In  the  particular  induction  ammeter  construction  described, 
the  secondary  circuit  is  wound  partly  with  copper  and  partly 
with  wre  of  low  temperature  coefficient,  the  resulting  temper- 
ature coefficient  of  the  circuit  being  such  as  to  increase  the  fluxes 
in  the  iron  when  the  temperature  of  the  aluminum  drum  rises. 
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Fig.  10 — Perfukmance  Curves,  Voltmeter. 

By  a  proper  proportioning  of  temperature  coefficient  of  the  sec- 
ondary winding  the  temperature  compensation  is  effected  with 
great  exactness. 

The  equations  (4)  and  (6)  show  the  effect  of  a  variation  of 
temperature,  and  consequently  Zu ,  upon  the  induced  currents 
in  the  drum. 

From  equation  (3)  by  substituting  (4)  and  (6)  and  omitting 
constants  we  have 


Torque  =   **•' f  **••    sin  (y  +  0)  +  -^^^^'  sin  {y-d) 
=»=    —  -r^  -  -    (cos  7  sin  0) 
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Prom  this  wc  see  that  the  condition  for  zero  temperature  error 
of  meter  is  that 

<l>p  4>»^Zii  (considering  the  frequency  as  constant). 

As  4>»  ^s  virtually  independent  of  the  resistance  and  thus  of 
temperature,  we  may  for  simplicity  write  this  condition, 

4>p  =  2d 

At  a  fixed  current,  4>p  ^^  ^  function  only  of  the  impedance  of 
the  secondary  coil  circuit.  From  this  it  is 'evident  that  the  tem- 
perature coefficient  of  the  secondary  winding  must  be  the  same 
as  that  of  the  dnun,  in  order  to  make  the  temperature  error  of 
the  meter  zero. 

In  actual  practise,  there  are  a  nimiber  of  factors  tending  to 
complicate  the  above  relations,  such  as  the  temperature  varia- 
tions of  the  iron  and  of  the  control  spring,  etc.,  so  that  the  proper 
proportions  of  copper  wire  to  resistance  wire  in  the  secondary  cir- 
cuit can  best  be  determined  experimentally.  The  actual  tem- 
perattire  errors  are  shown  in  Figs.  9  and  10. 

It  will  be  noted  that  the  results  as  to  temperature  coefficient 
and  as  to  frequency  errors  compare  very  favorably  with  those 
in  meters  operating  on  the  moving  iron  or  moving  coil  principles. 

A  similar  arrangement  for  temperature  and  frequency  com- 
pensation has  been  worked  out  in  the  wattmetet. 
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COMPENSATING   WATTMETERS 


6Y    a.    L.    ELLIS 


In  these  days  of  large  units  and  stupendous  engineering 
undertakings  one  is  apt  to  overlook  the  problems  involved  in 
assigning  to  little  things  an  accurite  valuation. 

The  output  of  a  very  larjre  generator  can  be  determined  within 
one  per  cent  bv  rr.eans  of  instruments  easily  obtainable,  if  not 
already  at  hand;  yet  assigning  a  value  to  the  energy  delivered 
to  a  small  metal  filament  lamp  or  the  potential  circuit  of  an 
induction  meter  presents  some  difficulties  not  readily  overcome. 
This  is  chiefly  due  to  the  low  watt  consumption  which  gives  a 
very  small  deflection  on  the  scale  of  wattmeters  designed  for 
other  than  laboratory  use. 

There  are  a  number  of  cases  where  a  suitable  indicating  watt- 
meter is  greatly  needed,  as  for  instance,  in  measuring  the  core 
loss  of  small  transfonners,  bell -ringing  transfonners,  compensa- 
tors for  metal  filament  lamjDs,  small  fan  motors,  small  three- 
phase  motors  running  light,  shunt  losses  in  induction  meters, 
etc.  It  is  generally  desirable  to  make  such  measurements  when 
a  given  c.m.f.  is  a])plied  to  the  tenninals  of  the  devices.  As  low- 
capacity  wattmeters  are  produced  by  increased  turns  in  the  coil 
in  series  with  the  load  it  is  also  desirable  to  connect  the  volt- 
meter and  the  ''  potential  temiinals  "  of  the  wattmeter  across 
the  load  itself,  in  order  to  avoid  the  phase  displacement  and  /  R 
drop  which  occurs  in  the  wattmeter  current  coils. 

This  arrangement  has  the  disadvantage  that  the  potential 
circuit  losses  of  both  the  voltmeter  and  wattmeter  are  then 
included  in  the  watts  indicated  by  the  latter  instrument,  thus 
making  it  necessary  to  apply  corrections  to  the  readings.  It 
frequently  happens  that  the  instrument  losses  are  many  times 
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greater  than  the  loss  to  be  determined,  hence  the  result  obtained 
is  the  difference  between  two  nearly  equal  quantities.  This 
together  with  small  scale  deflection  makes  accurate  determina- 
tions practically  impossible. 

An  instrument  for  this  work  should  i:)ossess  the  following 
characteristics  distinguishing  it  from  the  ordinary  low  reading 
wattmeter. 

1.  It  should  be  so  designed  that  its  errors  can  be  readily 
computed  for  all  conditions  of  load,  power  factor  of  load,  scale 
position,  etc.,  and  readings  corrected  for  these  errors. 

2.  Its  indications  should  be  compensated  for  its  own  losses. 

3.  Its  indication  should  be  compensated  for  loss  in  the  volt- 
meter or  other  instruments  which  may  be  connected  across  the 
terminals  of  the  device  being  measured. 

4.  It  should  have  a  large  current  capacity  in  tenns  of  its 
full  scale  watt  value,  as  a  great  many  of  the  small  energy 
consumers  operate  at  low  power 
factors. 

5.  It  should  possess  high 
torque  in  order  that  its  life  of 
unimpaired  accuracy  may  not  be 
shortened. 

6.  Its  moving  system  should 
be  damped. 

7.  It  should  be  shielded  to 
I)rotect  it  from  stray  magnetic 
and  electrostatic  fields. 

Fig.  1  shows  diagrammatically  the  compensated  wattmeter  as 
commonly  constructed. 

The  moving  coil  A  is  pivoted  between  two  similar  sj)C)ols 
upon  which  are  wound  the  series  or  current  coil  K  and  the  com- 
pensating coil  H. 

The  spool  comprises  the  brass  supporting  casting  B,  into 
which  is  soldered  a  brass  tubing  C,  having  a  flang  *  D  to  fonn  a 
channel  for  winding.  The  spool  is  split  radially  by  one  saw- 
cut  to  reduce  error  due  to  eddy  currents. 

The  turns  of  the  series  coil  R  should  be  concentrated  about 
the  moving  coil  in  the  most  effeciive  position,  the  available  space 
should  be  filled  with  copper,  and  as  little  insulation  used  as  will 
insure  freedom  from  short  circuits.  Some  of  the  available  space 
must  be  given  up  to  the  comjjensating  coil;  henc?  it  is  usually 
composed  of  fine  wire,  0.005  to  0.010  in.  (0.125  to  0.254  mm.). 
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In  Fig.  1  the  compensating  coil  H  has  approximately  the 
same  number  of  turns  as  series  coil  E  and  is  wound  beneath 
because,  being  fine  wire,  it  is  best  supported  when  wound  directly 
upon  the  metal  spool. 

Sometimes  the  compensating  coil  is  wound  upon  the  series  coil 
either  directly  or  on  a  separate  support.  In  either  case,  the 
adjustment  of  the  compensating  coil  is  obtained  by  adding  or 
subtracting  turns,  until  no  deflection  is  obtained  when  the  current 
for  the  moving  coil  is  taken  through  the  series  and  compensating 
coils  connected  in  series  and  opposing. 

Since  the  coils  E  and  //  have  not  the  same  radius  they  will 
not  affect  the  moving  coil  equally  for  all  scale  positions;  con- 
sequently the  compensation  can  be  made  exact  for  one  scale 
position  only.  This  is  also  true  for  more  than  one  layer  and 
the  error  becomes  more  pronounced  as  the  layers  increase,  or  if 
the  compensating  circuit  is  wound  outside  of  the  series  coil, 
ether  directly  or  as  a  separate  coil. 

When  constructed  as  in  Fig.  1,  an  average  in  equality  of  4.5 
per  cent  and  a  maximum  of  G  per  cent  has  been  observed  for 
the  different  scale  positions. 

True  compensation  for  all  scale  positions  can  only  be  obtained 
by  using  a  concentric  cable  when  winding  the  series  coil,  the 
wire  of  the  compensating  coil  forming  the  core  upon  which  the 
strands  of  the  series  coil  cable  are  laid  up.  Such  an  instrument 
possessing  a  150-watt  scale  has  been  made. 

There  are,  however,  structural  difficulties  which  preclude 
the  general  use  of  this  method,  namely:  (1)  the  problem  of 
Ijringing  out  the  compensating  core  and  securing  same  so  that 
it  will  not  break  off  at  th"  point  where  it  enters  the  finished 
coil;  (2)  the  difficulty  of  securing  sufficiently  high  insulation 
between  core  and  cable  to  [)ermit  the  use  of  the  instrument 
u])on  ir)0-v()lt  circuits;  (3)  the  fact  that,  because  where  small 
conductors  arc^  concerned  cable  construction  greatly  reduces 
the  amount  of  coi)])er  that  can  be  wound  in  a  given  space  because 
this  is  still  further  reduced  by  the  compensating  core»  the  cur- 
rent is  so  limited  that  the  instrument  is  suitable  for  measurements 
around  100  per  cent  power  factor  only. 

Very  good  results  have  been  obtained  by  winding  the  series 
coil  in  several  layers  and  at  the  same  time  winding  one  or  more 
fine  compensating  wires  so  distributed  that  their  respective 
magnetic  effects  in  relation  to  the  moving  coil  are  substantially 
equal. 
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Fig.  2  gives  the  departure  from  the  compensation  for  various 
scale  positions.  The  curves  are  plotted  from  observations,  using 
a  wattmeter  like  that  in  Fig,  1,  and  one  having  specially  wound 
coils. 


N  Of   POINTER  UPON   SC*LE  P6R  C6NT    OP  fULL.SCALE 

Fig.  2 — CuKVEs     Showing     Compounding    betweex    Current    and 
Compensating  Windings 
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Pic.  3— Compounding  between  Current  Coils   and   Compbnsatin< 
Winding  in  Wattmeter  of  Special  Tvpe. 


Fig.  3  is  interesting,  as  it  shows  the  accuracy  to  which  the 
actual  compensation  was  observed.  The  curves  are  for  the 
specially  wound  wattmeter  of  Fig.  2  and  are  plotted  to  a  scale 
twenty  times  larger.    The  second  set  of  observations  was  taken 
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four  months  later  than  the  first,  during  which  time  the  moving 
coil  had  been  replaced  by  a  new  one  and  a  new  scale  marked  for 
it.  The  greatest  differe  xe  between  observed  points  on  the  two 
curves  does  not  exceed  0.2  per  cent  of  the  compensation,  show- 
ing that  between  0  and  25  per  cent  of  full  scale  the  compensation 
is  correct  within  0.2  per  cent  and,  excepting  one  observed  point, 
within  0 . 3  per  cent  for  the  remainder  of  the  scale. 

Equally  good  results  can  be  obtained  with  a  second  fine  wire 
wound  in  the  series  coil,  which  may  be  used  to  feed  a  voltmeter 
or  other  device  and  automatically  subtract  from  the  wattmeter 
indication  the  energy  so  delivered.  The  connections  in  this  case 
are  shown  in  Fig.  4,  which  is  self-explanatory. 

Table  I  gives  the  percentage  difference  in  the  watts  observed 
when  measuring  a  given  load  first  **  direct  *'  and  then  compen- 


MOVINO 
COIL 


VOLT 
METER 


Fig.  4 


sating ;  the  number  of  watts  obtained  when  used  direct  is  taken 
as  standard.  This  shows  much  better  compensation  in  the  case 
of  the  special  type,  under  all  conditions. 

The  **  computed  variation  '*  at  the  bottom  of  the  table  is 
the  difference  in  ])er  cent  one  would  expect  to  observe,  based 
upon  the  ix^tenlial  circuit  losses  and  the  departure  from  exact 
c()m])ensation,  neglecting  the  effect  of  mutual  induction. 

While  the  wattmeter  can  be  closely  compensated  for  the 
voltmeter  losses,  the  voltmeter  indications  must  be  corrected 
for  the  added  ohmic  resistance  and  the  distiu*bance  due  to  mutual 
inductance  between  series  and  compensating  coils;  the  resultant 
self-inductance  of  these  coils  is  equal  to  zero. 

Fig.  o  gives  the  e.m.f.  due  to  mutual  induction  at  60  cycles  for 
two  capacities  of  wattmeters,  showing  how  this  e.m.f.  varies 
with  the  current  taken  by  the  load. 


1684 


ELLIS:  ELECTRICAL   MEASUREMENTS        [June  28 


Fig.  6  gives  the  error  in  the  indication  of  the  voltmeter  in  volts 
at  60  cycles  for  all  load  power  factors,  when  the  particular  watt- 
meter considered  is  loaded  with  its  maximum  rated  current 
(2.25  amperes),  and  operated  upon  circuits  of  100  volts  or  over 
with  either  lagging  or  leading  current.  It  is  to  be  noted  that  the 
error  is  roughly  constant  for  all  low  power  factors  up  to  50  per 


TABLE   L— TEST   OF   COMPENSATING   WATTMETERS 
THE    OBSERVED   VARIATION    IN    CALIBRATION   WHEN    SHIFTING   PROM 

DIRECT   TO   COMPENSATING 

(Variation  given  in  terms  of  the  "  direct  "  calibration  taken  as  standard.) 
On  unity  power  factor 


Watts 

read  on 

test 

instrument 


On  power  factor  >■  0. 1 


Wattmeter 

No.  1 

common 

type 

(Per  cent) 


Wattmeter  No.  2 
(Special  type) 


Alone      I        With 

voltmeter 
(Per  cent)  ,    (Per  cent) 


Wattmeter  | 
No.  1 
common 

type 
(Per  cent) 


Wattmeter  No.  2 
(Special  type) 


Alone 


(Per  cent) 


With 
voltmeter 
(Per  cent) 


60  Cycles  per  Second;  Current  Lagging 


25.0 

—1.25 

—0.16 

—0.27 

—0.88 

+0.15 

+0.02 

20.0 

—0.71 

—0.07 

—0.17 

—0.87 

+0.11 

—0.11 

16.0 

—1.12 

—0.09 

—0.30 

—0.95 

+0.05 

+0.01 

10.0 

—0  90 

—0.25 

—0.26 

—0.75 

+0.16 

+0  18 

125 

Cycles  per 

Second; 

Current  Lagging 

25.0 

—1.03 

—0.07 

+0.07 

1     —0.30 

—0.07 

—0.19 

20.0 

—0.73 

4-0.03 

—0.05 

,     —0.39 

+0.09 

+0.15 

15.0 

—1.01 

—0.19 

—0.34 

—0.70 

+0.49 

+0.28 

10.0 

—0.50 

—0.06 

—0.06 

!     —1.18 

+0.41 

+0.20 

125 

Cycles  per 

Second; 

Current  Leading 

25.0 

—0.60 

—0.14 

—0.22 

—0  56 

+0.29 

+0.33 

20.0 

—0.64 

—0.08 

—0.31 

—0.48 

—0.20 

—0.17 

15.0 

—1.31 

—0.46 

—0.41 

1     —1.05 

—0.10 

—0.21 

10. 0 

—1.13 

—0.12 

—0.12 

1     —0.89 

—0.11 

—0  16 

Computed 

Variation  or  Error 

(Based 

upon  potential  losses  and  per  cents  on 

Fig.  2.) 

25.0 

—0.69 

—0.07 

1 

20.0 

—0.70 

—0.10 

16.0 

—0.68 

—0.02 

10.0 

—0.83 

—0.03 

Note:    The^theoretically  perfect  wattmeter  should  show  no  variation,   ncglerling  mutual 
induction. 


cent  power  factor,  the  total  variation  amounting  to  0.2  volt. 
Beyond  80  per  cent  power  factor  the  error  falls  rapidly  to  zero. 

If  the  ratio   — r. '>         is  less  than  2  per  cent,  the  indica- 

line  e.m.f. 

tion  expressed  in  volts  is  approximately  equal  to  the  mutual 
e.m.f.  X  sin  d,  where  d  is  the  phase  angle  of  the  load.    The  effect 


ELLIS:  ELECTRICAL    MEASUREMENTS 


3.S-4— 

.^5-                                            ^ 

,ii                              ^  ?  » ..  ft 

?J                            ^' 

I'l                         ^ 

■  i^^                  ,^ 

.»if                    ^ 

la:         ^             „' 

3J,        ,-■        i:,'^^, 

.^t      ^        ,'' 

,i^     ^     ^^■' 

■  '    p''   -' 

wrTMiiirrrnniiiiri 

L  E.  M.  F.  Induced  \-h  Voltji 
BY  Mutual  Isductance. 


^ 

^ 

3 

1    -"; 

-~, 

- 

.^ 

1 

1 

ran 

J 

™ 

s 

;5TO.i 

m. 

y 

t 

L 

^ 

- 

1 
i 

i 

1 

t, 

j 

4+- 

-'■- 

... 

. 

\ft 

K 

a 

■J. 

- 

■SttM 

- 

~r 

. 

H^ 

— tff- 

^ 

...d 

„.. 

t-- 

i              ^ 

- 

- 

-1- 

1 

i  1   1 

1686  ELLIS:  ELECTRICAL    MEASUREMENTS        [June  28 

of  added  resistance  on  the  voltmeter  indication  is  easily  computed 
to  any  accuracy  required. 

The  mutual  inductance  due  to  the  compensating  coil  causes 
no  appreciable  error  in  the  wattmeter  at  any  load  or  any  power 
factor.  The  reason  may  perhaps  be  better  understood  by  referring 
to  the  vector  diagram  shown  in  Fig.  7 ,  which,  while  not  completely 
representing  all  that  takes  place  in  the  operation  of  the  watt- 
meter, shows  the  principal  reason  why  the  indication  is  not 
affected.    In  this  diagram 

I  J    =  phase  of  true  load  current. 

Em  =  phase  of  the  e.m.f.  induced  by  mutual  inductance 
which  leads  /j  by  90  deg.  in  time  phase  (considering 
that  compensating  winding  is  reversed). 

Ej   =  phase  of  true  load  potential. 

6     =  true  angle  between  phases  of  It  and  £t. 

Ei  =  the  total  effective  volts  impressed  upon  the  potential 
circuit  =  resultant  of  Ej  and  £«. 

Read  E'  for  lagging  and  E*'  for  leading  current. 

It  will  be  seen  at  a  glance  that,  since  a  line  can  be  drawn 
perpendicular  to  /t  and  common  to  the  vectors  of  the  true  load 
and  the  resultant  instrument  potentials,  and  since  the  distance 
of  this  line  from  the  origin  along  Ij  represents  that  component 
of  the  potentials  in  phase  with  /j,  or  in  other  words  determines 
the  watts,  whatever  the  value  assigned  E^,  the  wattmeter 
indication  will  not  be  affected  for  any  given  relation  between 
£t,  It  and  0, 

This  is  not  strictly  true  when  all  factors  are  considered.  The 
diagram  considers  only  the  e.m.fs.  due  to  mutual  induction,  and 
neglects  the  effect  of  the  moving  coil,  as  also  the  current  flow 
into  the  load  and  into  the  source,  due  to  Em-  These  disturbances 
are  very  slight;  their  combined  effects  do  not  produce  an 
observed  error.  This  is  fortimate,  as  it  would  be  difficult  to 
correct  for  the  current  flow  into  the  load  and  source,  because, 
while  the  constants  of  the  load  can  be  measured,  the  constants 
for  the  soiu"ce  would  be  difficult  to  determine  and  are  ever  chang- 
ing. 

The  common  type  of  wattmeter  designed  for  use  on  voltages 
around  110  has  a  maximum  capacity  of  150  watts;  the  ampere 
capacity  is  limited  to  1 .5,  in  some  cases  as  high  as  2  amperes. 
An  instrument  of  this  type,  upon  low  power  factors,  docs  not 
produce  a  deflection  such  that  the  distance  of  the  pointer  from 
zero  can  be  determined  very  accurately.     The  capacity  of  150 
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volts  is  of  little  value,  since  the  devices  to  be  measured  have 
been  designed  to  operate  upon  commercial  circuits;  hence  the 
voltage  most  frequently  used  is  110.  with  probable  maximum  of 
120  volts.  On  this  basis  the  full  scale  deflection  would  be 
obtained  at  62  per  cent  power  factor. 

The  sensibility  of  the  instrument  and  its  field  of  usefulness 
can  be  enhanced  by  so  ])roportioning  the  potential  circuit  that 
it  will  be  limited  to  potentials  of  125  volts  or  less.  The  series  or 
current  coil  should  be  rated  as  high  as  possible  and  the  activity 
of  the  moving  coil  increased  by  increasing  the  ratio  of  the 
inductance  to  the  resistance. 


--  A- 


Vu,.  7 


■1 


The  sj^ecial  wattmeter  i)rcviously  and  subsequently  referred 
to  has  an  ampere  cai)acity  of  2.25  amperes,  a  potential  limit  of 
125  volts  and  a  full  scale  of  70  watts.  On  the  basis  of  120  volts 
the  full  scale  deflection  would  be  obtained  at  26  per  cent  power 
factor  as  compared  with  02  ])er  cent  power  factor  for  the  common 
type.  Deflections  around  J  scale  can  be  obtained  at  power 
factors  below  10  i)er  cent  within  the  rated  capacity.  If  left 
continuously  in  circuit  at  rated  load  a  small  correction  "V^'ill  be 
necessary,  due  to  tlie  heatinj.^  eflect,  hut  no  noticeable  disturb- 
ance is  ])roduced  if  k^ft  in  circuit  for  five  minutes  at  a  time  with 
short  intervals  of  rest. 
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In  the  design  of  an  instrument,  metal  affords  the  most  certain 
readily  obtainable  and  eminently  satisfactory  mechanical  means 
of  definitely  locating  the  various  vital  parts  with  respect  to  one 
another;  yet,  when  utilized  as  found  in  the  common  type  of 
wattmeter  (illustrated  in  Fig.  1),  it  becomes  a  serious  source  of 
error  due  to  eddy  currents. 

The  error  is  greatest  at  low  power  factor,  because  the  eddy 
currents  arc  then  nearly  in  phase  with  the  current  through 
the  moving  coil,  the  deflection  of  the  instrument  is  small  and 
the  current  producing  eddy  currents  is  large. 

The  magnitude  of  the  error  varies  with  the  frequency,  power 
factor,  amperes  of  load,  voltage  across  instrument  terminals, 
and  position  of  pointer  on  scale,  making  it  practically  impossible 
to  correct  readings  for  errors  of  this  nature.  The  effect  of  this 
error  is  to  cause  the  indications  of  the  instrument  to  be  too 
small  or  too  large  when  the  load  current  lags  behind  or  leads  the 
impressed  e.m.f . 

A  comparatively  large  amount  of  metal  can  be  used  to  secure 
mechanical  stability  and  be  so  placed  with  respect  to  the  station- 
ary and  moving  coils  that  practically  no  error  results  due  to 
eddy  currents,  even  when  the  sensibility  is  greatly  increased 
as  in  the  case  of  the  "  special  ''  wattmeter. 

The  '*  special  '*  wattmeter,  besides  having  robust  metal 
supporting  frames,  was  equipped  with  magnetically  damped 
moving  system  and  massive  iron  magnetic  shields.  Table  II 
gives  a  comparison  between  the  calculated  errors  and  the 
observed  total  accumulation  errors  at  10  per  cent  power  factor, 
for  60-cycle  lagging  current  and  125-cycle  lagging  and  leading 
current,  for  both  the  common  and  special  type  wattmeter,  when 
used  direct  (as  an  ordinary  wattmeter)  and  when  used  compen- 
sating. The  calculated  errors  as  given  take  nothing  into  account 
except  the  phase  displacement  caused  by  the  self -inductance  of 
the  potential  circuit — the  theoretical  effects  which  mutual  induct- 
ance might  produce  being  completely  disregarded. 

Referring  to  the  errors  observed  in  the  common  type  of  watt- 
meter, the  effects  of  eddy  currents  are  plainly  in  evidence. 
Where  it  would  be  expected  that  the  instrument  should  read  high 
dtie  to  the  i)hase  displacement  of  the  moving  coil  circuit,  the 
instrument  actually  reads  low  due  to  eddy  currents.  This  is 
true  whether  used  compensating  or  direct;  the  lack  of  correct 
compensation  amplifies  the  error  on  lagging  current  and  reduces 
the  error  on  leading  current.    The  magnitude  of  the  error  varies 
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with  the  scale  position,  being  more  pronounced  when  the  com- 
pensating coil  is  used,  except  on  leading  current,  where  the  varia- 
tions in  the  errors  due  to  the  difiFerent  positions  tend  to  neutralise 
one  another.  A  useful  correction  factor  cannot  be  supplied  with 
wattmeters  of  the  common  type,  because  where  we  would  expect 
it  to  read  0. 53  per  cent  high  it  actually  reads  anywhere  between 
0 .  77  per  cent  and  2.15  per  cent  low. 

TABLE   II.    TEST  OP   COMPENSATING  WATTMBTBRS 
THE   TOTAL   ACCUMULATIVE   ERRORS  OBSERVED   ON   POWER  FACTOR 

LOADS 
(Figures  in  table  are  corrected  for  icale  errors.) 

Power  factor  of  load  «  0. 1 


Used  direct 


Used  compensatiiig 


Watts 

Wattmeter  No.  2 

read  on 
test  instrument 

Wattmeter 

No.  1 
Common 

Wattmeter 

No.  2 

Special 

Wattmeter 

No.  1 
Common 

Spddaltype 

Alone 

Whli 

1 

type 

type 

type 

▼oltmeter 

(Per  cent) 

(Per  cent) 

(Per  cent) 

(Per  cent) 

(Peroeat) 

60  Cyclb! 

\  PBR  Sbcond; 

Current  Lagging 

25.0 

—0.92 

+1.54 

—1.86             +1.68 

+i.es 

20.0 

—0.77 

+1.56 

—1.82              +1.41 

+1.30 

15.0 

—1.10 

+1.48 

—2.15              +1.64 

+1.00 

10.0 

—1.15 

+1.67 

—1.61              +1.66 

+1.68 

♦Calculated  errors 

+0.63 

+1.69 

+0.63              +1.69 

+1.69 

125  Cycle 

s  PER  Second 

:    Current  Lagging 

25.0 

1       —1.18 

+4.70 

—1.21              +4.63 

+4.66 

20.0 

—1.02 

+4.32 

—1.29              +4.33 

+4.47 

15.0 

—2.05 

+3.47 

—2.42              +4.09 

+8.88 

10.0 

1       —2.00 

+3.91 

—3.14              +4.33 

+4.18 

♦Calculated  errors 

1        -1-1.12 

+3.63 

+1.12              +3.63 

+3.63 

125  Cycle 

s  PER  Second 

;    Current  Leading 

25.0 

-fl.03 

—2.94 

+1.01             —2.62 

— a.68 

20.0 

+  1.58 

—2.95 

+1.09             —3.16 

—8.84 

15.0 

+1.42 

10.0 

+1.68 

—2.67 

'       +1.02             —2.78 

— a.83 

♦Calculated  errors 

—1.12 

—3.63 

1      —1.12             —3.63 

— «.68 

♦The  calculated  errors  take  nothing  into  account  except  the  self-indnctanee  of  potential 
circuit. 


The  wattmetcT  having  special  coils  shows  no  observable  error 
due  to  eddy  currents,  the  calculated  error  and  observed  error 
have  substantially  the  same  magnitude  and  sign,  while  the 
error  for  the  various  scale  pos'tions  is  practically  the  same.  The 
excellence  of  the  compensation  is  to  be  noted  in  the  good  agree- 
ment between  the  errors  when  used  direct  and  compensatingi 
and  even  when  compensating  for  a  voltmeter  in  addition.    A 
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correction  factor  can  be  applied  with  advantage  to  the  readings 
of  this  instrument,  namely  the  phase  angle  of  the  potential 
circuit. 

The  correction  factor  is  large,  compared  with  that  calculated 
for  the  conmion  type,  because  in  jDroviding  the  large  volt-ampere 
capacity  the  torque  was  kept  up  at  the  ex|)ense  of  the  small 
time  constant  of  the  potential  circuit  rather  than  increase  the 
impedance  of  the  series  coil,  as  doing  the  latter  would  be  likely  to 
disturb  the  condition  of  the  circuit  upon  the  introduction  of  the 
wattmeter.  This  would  be  undesirable,  for  it  is  a  prime  requi- 
site, as  pointed  out  in  the  beginning,  that  the  design  be  such  that 
its  errors  can  be  readily  computed  for  all  conditions  of  load,  etc., 
to  be  useful  as  a  wattmeter  on  low  power  factors. 


A  paper  presented  at  the  29th  Annual  Con' 
venlion  of  the  American  Institute  of  Electrical 
Engineers,   Boston,   Mass.,  June  28,   1912. 

Copyright.  1912.    By  A.  I.  E.  E. 


HOT  WIRE   INSTRUMENTS 


BY   A.    W.    PIERCE   AND   M.   E.   TRESSLER 


In  this  paper  we  shall  point  out  the  special  field  for  use  of  hot 
wire  instruments,  and  support  our  statements  by  facts  and  figures 
drawn  from  long  association  with  this  particular  type  of  instru- 
ment. 

There  is  a  large  gap  between  pivoted  instruments  of  the  dyna- 
mometer or  moving  iron  type,  and  the  sensitive  reflecting 
dynamometer,  voltmeter  or  ammeter.  This  gap  can  be  reduced 
by  the  use  of  hot  wire  instruments. 

The  lowest  range  pivoted  voltmeter  of  the  dynamometer 
type  for  use  on  alternating  currents,  with  which  we  are  familiar, 
requires  7.5  volts  for  full  scale  deflection,  and  has  an  appreciable 
frequency  error  even  at  60  cycles  per  second,  in  addition  to  a 
temperature  coefficient  which 

c;  \  8    2     2  2 

must  be  taken  into  account  n\A\  v  i  i  I  i  /  «  ^'^  ^ 


The  voltmeter  scale  shown  ^^;\ 


in  accurate  measurements.  ^  \  vXsip^^**^        ^^^^^^mi/m.,  "?, 

VOLTMETER 


in  Fig.  1  was  traced  from  one 
of  several  three-volt  hot  wire  pj^,    ^ 

instruments  which  have  been 

in  use  in  a  large  testing  department  for  several  years.  These  in- 
struments have  no  temperature  coefficient,  and  when  made  with  a 
properly  aged  hot  wire  have  a  very  small  zero  error  due  to  changes 
in  temperature  of  the  instrument  as  a  whole  or  in  part.  The 
inductance  of  the  hot  wire  is  practically  zero,  and  the  instruments 
give  equally  accurate  indications  on  direct  and  alternating 
voltages  at  all  frequencies  lower  than  500  cycles  per  second. 
These  voltmeters  can  be  relied  upon  within  one-half  scale  divi- 
sion as  low  as  1 .2  volts,  as  shown  by  the  following  check  made 
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on  direct  current  against  a  carefully  calibrated  laboratory  stand- 
ard voltmeter: 


TABLE  I 


Standard  reads.. 
Instrument 
reads 


31  2.8 
3.0o'  2.796 


2.G     ,  2.4 
2.60  !  2.395 


2.2 


2    1.8 


1.6        1.4 


2.195;2.00|  1.795      1.60 


1.40 


1.2 

I 

1.1951 


These  voltmeters  can  be  used  with  suitable  series  resistance 
to  meastu"e  higher  voltages  than  three  volts  and  require  about  0 . 2 
ampere  for  full  scale  deflection. 

Hot  wire  ammeters  can  be  made  for  a  full  scale  range  of  0.25 
ampere,  which  will  indicate  0 . 1  ampere  with  an  accuracy  closer 
than  1  per  cent. 

Fig.  2  shows  a  scale  traced  ^^    .i4    .16   ./^ 

from  one  of  these  instruments  ^>'" 

in  actual  use. 

0.25,0.5,0.75,  1,1.5,3,5 
and  6-ampere  instruments  can 
be  made  which  will  take  all  of 
the  current  measured  through  the  hot  wire  and  are  not  affected 
by  wave  form,  frequency  below  500  cycles  per  second,  or  stray 
fields.  The  IR  drop  and  PR  losses  of  these  instruments  will 
compare  favorably  with  those  of  moving  iron  ammeters  of 
corresponding  ranges,  as  shown  in  Table  II. 


Fig.  2 


TABLE    II 

j      Capacity  in  amperes 

IR  volts 

PR  watts 

Iron  vane  ammeters 

5 

0.63                        ' 

3.15 

2 

1  52 

3.04 

7 

9.34                        1 
Hot  wire  ammeters 

G.54 

G 

0.25 

1.5 

5 

0.3 

1.5 

1.5 

1                             1 

1.5 

1 

0.75 

0.75 

0.75 

1                             i 

0.75 

O.o 

1.5 

0.75 

0.25 

3 

0.75 

Table  III,  which  was  copied  from  the  calibration  record  of  a 
hot  wire  ammeter  adjusted  for  a  series  range  of  0 .  25  ampere  with 
shunts  for  0 .5,  1,  2  and  4  amperes,  gives  a  fair  idea  of  what  can 
reasonably  be  expected  from  such  an  instrument  when  carefully 
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used.    These  checks  were  taken  on  the  one-ampere  scale  against 
a  potentiometer  and  standard  resistance. 

TABLE  III 

The  first  line  gives  the  settings  of  the  standard;  the  dates  and  corresponding  inatnunent 
readings  follows. 


Date 

1.000 

0.900 

0.800 

0.700 

0.600 

0.500 

0.400 

0.300 

0.100 

2-25-11 

0.999 

0.900 

0.800 

0.700 

0.601 

0.501 

0.400 

0.300 

O.iOl 

3-18-11 

0.998 

0.899 

0.800 

0.099 

0.600 

0.500 

0.400 

0.208 

0.100 

4-7-11 

0.999 

0.899 

0.800 

0.099 

0.600 

0.500 

0.399 

0.208 

0.100 

5-5-11 

0.997 

0.898 

0.798 

0.099 

0.599 

0.500 

0.399 

0.208 

0.200 

ft-3-11 

0.999 

0.900 

0.800 

0.099 

0.600 

0.500 

0.399 

0.200 

0.200 

7-13-11 

1.000 

0.900 

0.800 

0.699 

0.599 

0.499 

0.398 

0.208 

0.100 

8-4-11 

1.000 

0.900 

0.800 

0.700 

0.600 

0.500 

0.399 

0.208 

0.100 

•-6-11 

1.000 

0.901 

0.801 

0.700 

0.600 

0.500 

0.400 

0.S08 

0.100 

9-20-11 

1.000 

0.902 

0.802 

0.701 

0.601 

0.501 

0.400 

0.200 

0.100 

10-25-11 

0.999 

0.900 

0.801 

0.099 

0.600 

0.500 

0.809 

0.208 

11-25-11 

1.000 

0.900 

0.800 

0.700 

0.600 

0.500 

0.399 

0.208 

12-29-11 

0.999 

0.900 

0.800 

0.700 

0.600 

0.500 

0.400 

0.208 

2-1-12 

0.999 

0.900 

0.800 

0.700 

0.600 

0.500 

0.309 

0.208 

2-21-12 

1.000 

0.901 

0.801 

0.700 

0.600 

0.500 

0.400 

0.200 

For  ranges  higher  than  six  amperes  shunts  can  be  used  with 
the  instruments,  and  currents  as  high  as  2000  amperes  have 
been  measured  in  this  way.  A  high  range  hot  wire  ammeter 
has  an  energy  consumption  greater  than  that  of  a  good  moving 
iron  ammeter  and  current  transformer.  But  it  has  the  advan- 
tage over  such  a  combination  that  it  can  be  checked  on  direct 
current  and  used  on  alternating  current  of  commercial  frequencies 
without  any  appreciable  error.  It  costs  less,  is  easier  to  read  and 
manipulate  than  a  Kelvin  balance  or  Siemens  dynamometer. 
It  is  therefore  well  suited  for  use  as  a  working  standard  for  the 
calibration  of  moving  iron  instruments  and  current  transformers. 

Because  of  their  very  small  inductance  and  capacity,  hot  wire 
instruments  are  better  suited  for  measuring  high  frequency 
currents  than  any  coil  instrument,  particularly  for  currents 
which  come  within  the  six-ampere  range  of  the  self-contained 
instruments.  Even  where  shunts  have  to  be  used,  the  errors 
caused  by  unequal  distribution  of  current  between  the  instrument 
and  shunt  on  direct  current  and  at  high  frequencies  will  be  less 
than  those  caused  by  the  self-inductance  of  series  transformer 
and  coil  instruments. 

Conclusion,  Hot  wire  instruments  can  be  used  to  good  advan- 
tage (1)  in  measuring  small  alternating  currents  and  voltages; 

(2)  as  general  utility  instruments  for  indiscriminate  use  on  alter- 
nating and  direct  current  and  for  checking  iron  vane  ammeters; 

(3)  for  measuring  high-frequency  currents  where    coil  instru- 
ments would  be  useless. 


A  paper  presented  at  the  29th  Annual  Con- 
vention of  the  American  Institute  of  Eleclricoi 
Engineers,  Boston.  Mass.,  June  28,  1912. 


Copyright.  1912.    By  A.  I.  E.  E. 


RESONANT  CIRCUIT     FREQUENCY  INDICATOR 


BY    VV.    H.    PRATT    AND    D.    R.    PRICE 


The  object  of  this  de\H[ce  is  to  supply  a  method  for  accurately 
measuring  the  frequency  of  a  circuit,  to  give  a  large  scale  deflec- 
tion on  the  instrument  for  a  small  percentage  change  in  frequency 
and  to  obtain  readings  which  are  accurate  under  all  ordinary 
conditions  of  wave  form,  voltage  variation  and  temperature. 

The  electric  circuit  whose  impedance  is  the  most  sensitive 
to  a  change  in  frequency  is  that  circuit  which  contains  inductance 
and  capacity  connected  either  in  series  or  parallel;  the  degree  of 
sensitiveness  of  such  a  circuit  can  be  changed  and  varied  through 
a  wide  range  at  the  convenience  of  the  designer.  These  two 
characteristics  admirably  adapt  this  circuit  to  the  construction  of 
a  frequency  indicator  and  indirectly  to  the  construction  of  a 
speed  indicator,  provided  that  it  can  be  applied  in  a  practical 
form. 

Being  extremely  sensitive  to  a  change  of  frequency  it  follows 
that  it  is  also  sensitive  to  a  change  in  the  constants  of  its  own 
constituent  parts  (altho^igh  in  this  case  to  a  less  degree,  as  will 
be  shown)  and  the  application  of  this  circuit  in  a  practical  form 
for  this  reason  presented  some  difficulties  at  first. 

The  theory  of  resonance  is  of  course  well  understood,  but  in 
practise  certain  limitations  are  presented  which  in  some  cases 
make  it  very  difficult  to  approach  theoretical  values  of  current  in 
a  tuned  or  partially  tuned  circuit.  Theory  presupposes  a  perfect 
inductance,  a  perfect  condenser,  and  a  perfect  resistance,  when 
as  a  matter  of  fact  a  perfect  inductance  and  a  perfect  condenser 
are  never  realized.  By  a  perfect  inductance  is  meant  a  circuit 
having  inductance  alone  with  no  losses — the  same  applies  to  a 
perfect  condenser. 
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In  order  that  the  circuit  be  resonant  or  tuned,  or  partially 
tuned,  the  inductance  and  condenser  must  be  of  such  a  nature 
that  the  excess  lines  of  force  must  be  free  to  collapse  as  soon  as 
the  current  flowing  in  them  begins  to  diminish.  On  this  charac- 
teristic the  degree  of  success  in  tuning  and  the  approach  to 
theoretical  values  of  current  depend  entirely.  Numerous 
mechanical  analogies  of  elastic  and  inelastic  bodies  will  suggest 
themselves. 

It  is  possible  to  reach  almost  theoretical  conditions  and  to 
obtain  almost  theoretical  frequency  impedance  curves  by  using 
an  air  core  inductance  and  an  air  dielectric  condenser.  Space 
limitations,  however,  place  them  entirely  out  of  the  question  for 
use  on  instrument  work. 

Owing  to  this  limitation  of  space  it  is  necessary  to  adopt  an  iron 
core  inductance  and  a  compact  condenser  with  a  solid  dielectric 
of  a  specific  inductive  capacity  somewhat  greater  than  that  of  air. 
These  two  substances,  iron  and  a  solid  dielectric,  introduce  losses 
and  variations  and  other  difficulties.  An  iron  core  inductance 
has  the  following  faults:  hysteresis  loss,  eddy  current  loss,  mag- 
netization curve  not  a  straight  line,  and  the  variation  in  form 
due  to  temperature  and  mechanical  trouble. 

Of  these  the  all-important  one  is  hysteresis  loss.  Not  only 
does  this  loss  appear  as  an  added  resistance  to  the  circuit,  but  it 
absolutely  destroys  all  resonance  if  present  beyond  a  certain 
degree;  for  if  the  lines  of  force  which  are  once  established  in  a 
circuit  do  not  collapse  when  the  source  of  current  is  withdrawn 
there  can  be  no  resonance  whatever.  This  also  will  suggest 
mechanical  analogies.  It  is  then  very  important  to  keep  down 
the  hysteresis  in  the  inductance  element.  On  account  of  hystere- 
sis it  was  found  impossible  to  tune  a  closed  magnetic  circuit 
inductance. 

The  eddy  current  loss  tends  to  lower  the  inductance  of  the 
circuit  and  acts  as  an  added  resistance.  The  amount  of  lower- 
ing of  the  inductance  will  have  a  temperature  coefficient  and  for 
this  reason  the  eddy  currents  should  be  kept  as  low  as  ]:)racti cable. 
However,  the  eddy  currents  do  not  affect  the  tuning,  like  hys- 
teresis, and  this  loss  can  be  calibrated  with  the  other  parts  of  the 
circuit.  The  other  variations  due  to  the  use  of  iron  can  be  re- 
duced to  a  low  value  by  proper  designs. 

All  the  other  troubles  inherent  to  condensers  can  be  overcome 
by  proper  design,  so  as  not  to  affect  this  work,  and  all  the  other 
troubles  met  with  in  high-frequency  tuning  are  not  apparent  in 
frequencies  such  as  60  cycles. 
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The  constituent  parts  of  the  circuit  were,  therefore,  designed 
as  follows: 

The  inductance  was  wound  on  a  laminated  iron  core  which  had 
an  air  gap  in  its  circuit,  and  the  flux  was  kept  low  so  as  to  be 
well  below  the  saturation  point. 

The  condenser  was  made  by  the  vacuum  process,  which 
insures  a  permanent  high  insulation,  and  low  internal  heating. 
It  was  designed  to  operate  at  a  voltage  well  below  the  safe  work- 
ing voltage.  The  resistances 
were  all  zero  temperature  co- 
efficient metal. 

A  standard  instrument  was 
used  with  the  capacities,  induct- 
ances and  resistances  in  a  sepa- 
rate box.  This  standard  instru- 
ment was  essentially  a  field  and 
two  armatures  set  at  an  angle 
with  each  other  and  having  a 
common  diameter  through  which 
the  shaft  passed. 

The  external  box  contained 
three  separate  circuits,  each  hav- 
ing an  inductance,  a  capacity 
and  a  resistance  in  series.  Two 
of  these  circuits  were  identical 
and  the  third  was  designed  for  a 
much  smaller  current  carrying 
caj)acity,  for  a  reason  to  be  ex- 
l)lained. 

One  of  the  main  circuits  was 
adjusted  so  as  to  be  in  resonance 
al  about  70  cycles;  the  other 
main  circuit  was  adjusted  so  as 
to  be  in  resonance  at  about  58 
cN'clc's.  The  third  circuit  was  adjusted  so  as  to  be  in  resonance 
at  about  3(3  cycles.  This  last  circuit  was  connected  in  parallel 
with  the  circuit  adjusted  to  bo  in  resonance  at  58  cycles.  The 
circuit  adjusted  at  70  cycles  was  connected  to  that  armature  coil 
ou  the  instrument  which  tended  to  move  the  needle  up.  The 
other  two  circuits  were  connected  to  the  armature  which  tended 
to  make  the  needle  move  down.  The  annatures  were  in  series 
with  the  field  coil. 
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The  center  of  the  scale  was  marked  for  60  cycles,  the  left-hand 
end  being  55  and  the  right-hand  end  65.  It  was  possible  to  get  a 
6-inch  (15-cm.)  movement  for  a  change  in  frequency  from  55  to 
65  very  easily,  and  it  was  also  possible  to  get  a  6-inch  movement 
for  a  change  in  frequency  from  60  to  61,  on  the  same  instrument. 
There  appears  to  be  almost  no  limit  to  the  sensibility  of  this  ar- 
rangement. The  actual  working  of  the  apparatus  is  self-evi- 
dent and  needs  no  explanation. 

When  the  frequency  drops  very  low,  for  instance,  30  or  so,  the 
small  auxiliary  circuit  supplies  torque  to  prevent  the  needle  from 
again  going  on  the  scale,  due  to  the  absence  of  torque  from  the 
main  circuits,  since  both  are  far  away  from  their  resonant  fre- 
quency. 

When  made  up  in  a  practical  form,  this  instrument  exhibits  only 
a  trace  of  variation,  due  to  wave  form,  voltage  or  temperature. 

The  connections  of  the  instrument  are  shown  in  Fig.  1 . 
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Discussion  on  **  Induction  Type  Indicating  Instruments  " 
(MacGahan), 
*'  Compensating  Wattmeters  "  (Ellis), 
"  Hot  Wire   Instruments  "  (Pierce  and  Tressler),  and 
.  "  Resonant  Circuit  Frequency  Indicator  "   (Pratt  and 
Price),  Boston,  Mass.,  June  28,  1912. 

F.  P.  Cox:  Taking  up  the  paper  on  hot-wire  instruments 
first,  it  seems  to  me  that  there  are  limits  to  the  use  of  this 
instrument,  and  yet  there  are  occasions  and  circumstances  where 
this  particular  type  of  instrument  is  better  suited  than  any  other 
type.  For  the  ineasurement  of  low  voltages,  and  particularly 
for  the  measurement  of  circuits  of  high  frequency,  I  think  we 
must  all  agree  that  it  has  no  peer.  But  beyond  those  particular 
fields,  it  seems  to  me  that  its  usefulness  is  rather  limited,  and 
limited,  indeed,  by  the  very  reason  that  Mr.  Pierce  mentions, 
its  high  energy  loss,  which,  for  the  2000-ampere  meter  mentioned, 
for  the  voltage  given  would  come  to  600  watts,  which  would  be 
quite  out  of  all  reason.  I  would  also  mention,  not  from  my 
personal  experience,  but  a  statement  that  I  have  very  direct 
from  some  wireless  people,  that  when  you  use  it  on  the  very  high 
frequencies,  it  is  desirable  to  use  an  air  transformer  rather  than  a 
shunt.  I  cannot  give  you  any  figures  at  all  on  that,  but  Mr. 
Price,  who  was  with  Fessenden,  at  Brant  Rock,  had  very 
considerable  experience  with  it,  and  strongly  recommended  the 
use  of  air  transformers,  in  place  of  shunts,  for  high  frequency. 

So  far  as  maintaining  accuracy  is  concerned,  the  table  that  is 
given  in  the  paper  leaves  little  to  be  desired  in  this  or  even  in  any 
other  type  of  instrument.  It  is  well  within  the  limits  you  would 
normally  expect  to  find  in  the  calibration  of  an  instnunent  over 
a  period  of  years,  but  I  do  not  feel  that  this  instnmient  will  ever 
have  a  field  except  for  service  under  the  conditions  for  which  it  is 
particularly  suited.  I  do  not  think  it  can  "  come  back."  That 
is  almost  too  much  to  expect. 

In  regard  to  the  induction  type  of  instrument,  I  feel  that  here, 
too,  we  have  an  instrument  of  exceedingly  valuable  character- 
istics for  certain  fields,  but  of  decided  limitations  for  other  fields, 
which  will  prevent  it  from  '*  coming  back."  The  long  scale, 
which  is  inherent  in  the  type,  is  a  desirable  featiure,  but  we  must 
not  neglect  to  take  into  account  that  what  we  want  to  know  is 
the  current  in  the  circuit,  that  if  you  can  read  an  instrument 
Ijcyond  its  limits  of  accuracy,  or  if  you  have  an  instrument  which 
has  an  error  greater  than  its  reading  capacity,  you  equally  get 
into  trouble.  What  you  want  is  an  instrument  which  will  give 
you,  so  far  as  you  can  read  it,  the  combination  of  being  readable 
and  i)osscssin};  an  accuracy  which  will  give  the  closest  approxi- 
mation to  the  actual  condition  of  the  circuit.  The  longer  scale 
is  characteristic,  and  in  itself,  if  obtained  without  any  sacrifice, 
is  good. 

In  regard  to  the  question  of  the  light  moving  element,  I  do 
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not  feel  at  all  that  a  light  moving  element  necessarily  means  a 
weak  element.  The  small  threads  referred  to  are  definite  threads 
— it  is  all  in  proportion  to  the  part  you  are  using,  and  light 
weight  does  not  mean  that  you  necessarily  have  a  weak  part, 
or  a  part  which  is  liable  to  be  injured  in  operation  and  in  service. 
It  does  mean  that  the  average  meterman  cannot  handle  it. 
The  delicate,  light  moving  parts  must  be  handled  by  human 
hands  with  great  care  and  skill,  and  with  much  experience,  but 
so  far  as  their  operation  in  the  instrument  is  concerned,  I  do 
not  feel  that  there  is  anything  to  be  worried  about  in  that  respect; 
because  the  mass  you  •are  handling,  the  forces  you  are  dealing 
with,  are,  after  all,  comparable  with  the  lightness  of  weight  which 
you  have,  and  are  not  necessarily  likely  to  give  trouble.  I  fully 
agree  that  shielding  is  essential,  that  strong  shielding,  double 
shielding,  is  essential,  where  you  can  have  it,  and  that  the 
magnetic  disturbances  which  you  find  in  your  circuit  are  the 
most  important  things  to  look  out  for. 

As  to  the  black  and  white  scale,  I  believe  that  is  properly  a 
question  of  illumination.  For  tunnel  work,  there  can  be  no 
shadow  of  a  doubt  that  the  black  scale  with  a  white  figure  is 
superior.  For  other  conditions  of  illumination  that  may  not  be 
true,  and  for  certain  conditions  of  illumination  it  certainly  is  not 
true,  but  after  all  you  must  adapt  your  scale  to  the  conditions 
of  illumination,  and  should  not  expect  that  the  illustrations 
given  in  the  paper  will  be  a  true  representation  of  average 
conditions.  There  will  be  conditions  of  illumination  where 
you  will  get  that,  and  as  Mr.  MacGahan  says,  the  camera  may 
be  more  accurate  than  the  eye,  but  you  are  putting  up  your 
instrument  to  be  used  in  connection  with  the  eye,  and  not  to  be 
used  in  connection  with  the  camera.  Therefore,  it  seems  to  me 
that  we  cannot  say  definitely  that  the  white  letter  is  better,  or  the 
black  letter  is  better,  but  there  will  be  conditions  of  service 
where  one  will  be  superior  and  different  conditions  where  the 
other  will  be  definitely  superior. 

W.  H.  Pratt:  I  will  speak  on  the  paper  by  Mr.  MacGahan. 
This  paper  is  entitled  Induction  Type  Indicating  Instruments, 
but  for  the  most  part  it  deals  \\4th  the  ammeter.  The 
switchboard  instruments  of  particular  importance  are  the 
ammeter,  voltmeter  and  wattmeter,  and  their  importance,  I 
should  say,  is  in  the  order  of  the  voltmeter,  the  ammeter  and  the 
wattmeter,  that  is,  it  is  absolutely  certain  that  the  voltmeter 
should  be  accurate,  it  is  essential  that  the  ammeter  be  accurate, 
so  that  you  are  sure  you  do  not  overload  the  machines  and  lines, 
and  the  wattmeter  is  of  little  use  unless  it  is  accurate.  As  I 
understand  these  various  induction  type  instruments,  the 
ammeter  is  the  most  easily  susceptible  of  giving  accuracy,  the 
voltmeter  comes  second  to  the  ammeter,  and  it  is  with  difiticulty 
that  the  wattmeter  is  made  to  perform  its  work.  The  perform- 
ance of  the  indicating  wattmeters,  of  course,  must  not  be 
confused  vnX\\  that  of  the  rotating  watt-hour  meter,  in  which 
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there  are  automatic  compensations  coming  in,  which  would  make 
a  remark  of  this  character  entirely  inapplicable.  I  am  sure  that 
a  light-weight  moving  element  is  to  be  trusted  rather  than  a 
heavy-weight  moving  element,  where  it  is  properly  designed, 
because  a  greater  amount  of  structural  strength  can  be  given  to 
a  light-weight  than  a  heavy-weight  element  in  proportion  to  the 
strains  to  which  it  will  be  subjected. 

Albert  F.  Ganz :  I  should  like  to  confirm  the  statement  made 
by  the  previous  speaker  to  the  effect  that  it  is  highly  desirable 
to  have  the  moving  system  in  an  electrical  measuring  instrument 
as  light  as  possible,  because  this  means  a  small  moment  of 
inertia  requiring  only  a  light  damper,  and  also  correspondingly 
small  wear  on  the  jeweled  bearings.  It  is,  of  course,  true,  as 
already  stated,  that  a  light  movement  is  much  more  diflScult  to 
repair  by  the  ordinary  meterman,  but  on  the  other  hand  an 
instrument  with  a  very  light  movable  system  is  much  less  likely 
to  get  out  of  order.  In  regard  to  the  hot-wire  instrument,  I 
ask  whether  the  instrument  has  a  zero  temperature  coefficient, 
so  that  a  series  multiplier  can  be  used  with  it  having  a  constant 
multiplying  factor. 

A.  W.  Pierce:  It  has.  The  hot  wire  used  in  the  voltmeter 
has  a  zero  temperature  coefficient. 

F.  V.  Magalhaes :  I  ask  Mr.  Pratt  to  mention  the  temperature 
coefficient  of  the  instrument,  and  it  would  be  interesting  to  know 
if  he  has  the  figures,  what  the  temperature  coefficient  is,  and 
whether  any  attempt  is  made  to  compensate  for  temperature 
error. 

William  J.  Mowbray:  Concerning  the  induction  type  of 
ammeter  and  the  black  scale,  I  would  like  to  say  that  the  black 
scale  was  tried  by  me  in  the  original  experiment  on  the  rotating 
watt-hour  meter.  This  was  used  in  cellars  where  the  light  is 
usually  very  poor,  and  we  found  it  to  be  a  fact  that  with  very 
low  illumination  the  black  scale  and  white  division  showed  up 
better,  so  that  I  believe  for  very  low  illumination  the  black  scale 
is  the  better. 

I  would  ask  Mr.  MacGahan  to  tell  us  just  how  he  gets  rid  of 
the  temperature  coefficient  in  his  induction  ammeter.  We  know 
that  the  aluminum  moving  element  will  change  some  4  per  cent 
in  temperature  for  every  10  deg.  cent,  change  in  temperature, 
and  still  the  curve  shows  very  little  error  due  to  temperature,  and 
I  have  no  doubt  Mr.  MacGahan  can  explain  to  us  simply  just 
how  he  does  it. 

A.  L.  Ellis:  There  are  two  or  three  points  in  the  paper  by 
Mr.  MacGahan  that  have  not  been  touched  on  by  the  speakers. 
One  is  in  reference  to  the  electrostatic  dist\u*bance.  There  is  no 
occasion  for  electrostatic  dist\u*bance,  because  the  moving 
system  can  be  y3Ut  at  the  same  potential  as  the  siurounding 
apparatus,  and  the  only  source  of  trouble  would  be  static 
charges  on  the  glass  caused  by  rubbing  the  glass,  and  that 
certainly  is  not  the  thing  to  do,  as  it  will  affect  the  instrument. 
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A  little  fiirther  on  in  the  paper  the  statement  is  made:  "  Ex- 
perience and  tests  have  shown  that  15  grams  maximum  is  a 
safe  limit  for  horizontal  shafts  in  V  sapphire  jewels,  and  that  a 
ratio  of  torque  to  weight  of  0. 15  is  a  satisfactory  minimtmi,  when 
torque  is  expressed  in  centimeter-grams,  and  weight  in  grams,  in 
the  case  of  switchboard  meters."  I  would  like  to  ask  Mr. 
MacGahan  what  line  of  reasoning  led*  to  that  conclusion?  It 
would  seem  to  me,  from  what  experience  I  have  had  with  jewels 
and  pivots,  that  it  is  vital  that  the  moving  system  be  made  just 
as  light  as  possible. 

It  is  impossible  to  make  a  V  pivot  and  bring  it  down  to  a 
theoretical  point,  so  if  we  take  a  cross-section  at  the  point  of 
contact  between  the  pivot  and  the  jewel,  the  point  of  contact 
will  not  coincide  with  the  axis  of  the  pivot,  but  will  bear  at  a 
considerable  radius  from  this  axis,  therefore,  the  pivot  will  roll 
in  the  jewel  when  the  pointer  is  deflected  up  scale,  the  pivot 
rolling  up  hill.  The  action  of  gravity  tending  to  roll  the  pivot 
down  hill  is  in  opposition  to  the  torque  of  the  instrument  and 
in  the  same  direction  as  the  torque  of  the  control  spring,  tending 
to  make  the  instnunent  read  too  low.  If  the  instrument  has  been 
operating  with  considerable  deflection  and  the  ciurent  is  reduced, 
the  pointer  tends  to  read  too  high  for  the  same  cause,  as  in  this 
case  the  action  of  gravity  acts  in  opposition  to  the  torque  of  the 
control  spring.  This  is  a  sotirce  of  error  difl&cult  to  reduce  below 
an  observable  amount  or  even  an  objectionable  amount,  unless  a 
very  large  ratio  of  torque  to  weight  can  be  obtained.  I  think  the 
error  will  be  very  pronotmced  even  with  the  ratio  mentioned  of 
1.5  (in  gram-miUimeters). 

The  moving  system  should  be  as  light  as  possible,  for,  although 
you  can  make  the  pivot  out  of  hard  steel,  glass-hard  in  fact,  and 
can  use  a  sapphire  as  a  jewel,  which  is  very  hard,  yet  a  moving 
system  of  but  very  few  grams  weight  is  sufficient  to  deform  the 
pivot  and  sapphire  jewel.  The  pivot  may  be  so  hard  and  tough 
that  it  can  be  driven  into  a  piece  of  brass  or  a  spring  tempered 
steel  scale,  without  distorting  the  regularity  of  its  surface,  but 
if  this  pivot  formed  the  support  for  a  moving  system,  as  for 
instance  the  D'Arsonval  type  weighing  only  1 . 5  grams,  simply 
dropping  it  a  few  inches,  will  be  sufficient  to  crush  the  steel  pivot 
or  to  force  the  point  to  mushroom.  The  changed  form  of  the 
pivot  is  substantially  that  of  the  jewel  and,  therefore,  friction  is 
increased  to  a  noticeable  amount,  because  a  larger  area  is  exposed 
to  the  jewel. 

Paul  M.  Lincoln:  I  am  particularly  interested  in  the  paper  on 
the  resonant  circuit  frequency  indicator,  because  some  ten  or 
twelve  years  ago  I  had  an  idea  very  similar  to  the  one  described. 
After  I  got  the  scheme  pretty  well  worked  out,  a  modification  of 
the  idea  occurred  to  me  depending  on  the  same  phenomenon, 
which  seemed  to  me  to  be  considerably  better.  That  particular 
scheme  was  described  in  a  paper  which  I  prepared  for  the 
Institute  and  presented  about  eleven  years  ago  at  the  Buffalo 
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convention.  I  want  to  say  a  word  or  two  to  show  the  principle 
upon  which  it  rests.  As  we  increase  the  frequency  on  a  circuit 
containing  inductance  and  capacity  in  series,  we  come  to  a  certain 
frequency  that  will  j^ive  a  marked  peak  in  the  cturent  flow. 
This  is  the  frequency  of  resonance,  and  a  curve  showing  the 
variation  of  current  with  frequency  is  shown  in  No.  2  of  the 
accompanying  figure.  The  fact  that  there  is  a  marked  peak  of 
current  at  resonance  is  utilized  to  actuate  the  instrument  de- 
scribed. 

There  is  another  phenomenon,  which  occurs  at  the  same  point, 
and  it  was  on  this  other  phenomenon  that  I  based  the  instrument 
I  speak  of.  At  the  same  time  that  the  current  changes  its  value, 
the  power  factor  of  that  current  also  changes  its  values  very 
rapidly.  This  current  leads  when  below  resonant  frequency 
and  lags  when  above,  while  close  to  resonant  frequency  the  power 


40  50  OU  7U  dO 

FREQUENCY-CYCLES  PER  SEC. 


factor  changes  very  rapidly.  This  is  shown  in  curve  No.  1  of 
the  aocom])anying  figure.  Hence,  a  standard  ix)wer  factor 
meter  in  a  circuit  that  is  adjusted  for  resonance  at  normal 
frequency  makes  an  itleal  frequency  indicator.  The  sensitiveness 
of  such  an  instrument  may  ])c  varied  as  desired  simply  by 
varying  I  he  amount  of  resistance  in  the  resonant  circuit.  All 
these  ])oints  are  brought  out  in  my  paper  published  in  the  1901 
Transactions  of  the  Institute. 

F.  H.  Bowman :  The  liot  wire  instrument  achieved  a  large  meas- 
ure of  i^o])ulant>'  some  years  ago,  due,  I  think,  to  two  caust»s.  The 
instrument  originally  was  imported  from  Germany,  and  on  its 
way  to  America  it  did  not  lose  its  fine  finish,  which  is  character- 
istic of  all  fine  instruments.  Its  fine  finish  was  not  lost  when  the 
instnmient  came  to  this  country,  and  I  ascribe  the  major  portion 
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of  its  popidarity  to  the  fact  of  this  fine  finish  and  its  very  splendid 
appearance.  The  other  cause  to  which  I  ascribe  its  popularity 
is  the  fact  that  it  is  interchangeable,  as  between  alternating 
cxurent  and  direct  current.  That  last  feature  has  lost  much  of  its 
importance  in  the  last  few  years,  due  to  the  increased  knowledge 
of  the  art  of  measuring  alternating  current.  The  fact  that  it 
is  interchangeable  between  alternating  current  and  direct  current 
is  not  so  important  as  it  was  some  years  ago,  and  on  that  accoimt 
the  hot-wire  instrument  had  a  certain  lapse  in  favor  which  is 
now  about  at  an  end,  and  I  believe  there  is  a  new  lease  of  life, 
we  might  say,  for  the  hot-wire  instrument  on  accoimt  of  the 
wireless  telegraph  which,  of  course,  is  growing  very  largely. 

In  reading  Mr.  Pierce's  paper  the  thing  that  appeals  to  me  is 
the  marvellous  accuracy  which  is  obtained  in  the  use  of  the  hot 
wire  instruments  in  Mr.  Pierce's  hands,  and  I  think  I  can  state 
here,  without  danger  of  being  accused  of  fulsomeness,  that  Mr. 
Pierce  is  a  very  skilful  man  in  handling  hot-wire  instruments. 
People  who  read  this  paper  will  asstune,  naturally,  that  by  the 
use  of  hot-wire  instrtunents  they  will  secure  the  same  degree  of 
accuracy  which  Mr.  Pierce  reports,  or  if  they  fail  to  do  so,  they 
will  condemn  the  instrtunent.  Hence  the  conclusions  I  draw  are 
these:  Where  the  hot  wire  instruments  are  used  skilfully,  by  a 
skilful  man,  who  is  aware  of  the  tricks  of  the  hot-wire  instru- 
ments, such  a  man  will  proctire  excellent  results  from  them, 
whereas  another  man  who  is  less  skilful  in  their  use  will  get  into 
more  or  less  diflSculty  with  them,  and  will  be  disappointed  in 
the  results  obtained. 

The  question  was  brought  up  about  the  effect  of  the  temper- 
ature coeflScient  in  hot-wire  instruments.  We  will  take  a  volt- 
meter 0.03  in.  in  diameter,  that  is  the  smallest  we  can  use. 
That  wire  is  made  with  practically  zero  temperature  coefficient, 
so  the  first  thing  is — the  hot-wire  instrument  has  a  zero  tem- 
perature coefficient.  But  this  point  I  will  make,  and  it  may  be 
new — the  hot-wire  instrument,  although  it  has  no  general  tem- 
perature coefficient,  has  an  apparent  temperattire  coefficient 
that  is  of  considerable  magnitude,  and  can  easily  be  determined ; 
that  is  to  say,  although  the  wire  in  itself  has  no  temperature 
error,  when  you  put  a  load  on  it,  and  heat  the  hot  wire  up  to  a 
point  where  it  expands,  it  increases  in  resistance,  and  although 
the  specific  resistance  of  it  is  still  the  same,  the  apparent  resist- 
ance changes,  due,  I  believe,  to  a  decrease  in  the  cross-section 
of  the  hot  wire,  on  account  of  the  heating.  For  high  voltages, 
150  volts,  I  call  that  high  for  hot  wire,  that  is  negligible  on 
account  of  the  considerable  resistance  in  series  with  the  hot 
wire,  but  as  you  drop  down,  and  the  series  resistance  becomes  low 
in  the  hot-wire  instrument,  the  errors  increase  in  importance, 
and  when  you  have  a  low- voltage  instrument,  five  volts  or  three 
volts,  the  apparent  temperature  coefficient  is  something  you 
have  to  take  into  account. 

F.  P.  Qox:  There  is  a  point  which  has  a  bearing,  not  only 
on  the  types  of  instrument  under  discussion,  but  also  on  the 
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general  instrument  problem,  and  that  is  where  Mr.  MacGahan 
mentions  the  desirability  of  opening  the  scale  at  the  top.  I 
do  not  agree  with  him,  not  only  as  that  point  is  applicable  to 
induction  types  of  instruments,  but  to  any  instrument.  You 
have  control  of  the  scale  of  distribution.  An  ammeter  put  upon 
the  circuit  of  a  generator  must  take  care  of  overloads,  and  that  is 
rated  at  100  per  cent  in  excess  of  the  capacity  of  the  generator, 
and  nonnally  is  working  much  below  one-half  of  that.  Therefore, 
within  a  certain  limit  as  we  have  the  scale  at  our  disposal,  it 
seems  to  me,  we  should  not  spend  too  much  of  our  scale  length 
in  getting  wide  open  divisions  at  that  portion  of  the  load  which 
the  instrument  rarely  meets  and  only  for  very  short  periods. 
Therefore,  it  seems  to  me  that  the  equi-crescent  scale  is  more 
suited  to  this  purpose,  or  a  scale  which  closes  slightly  in  the 
upper  portions,  and  remains  open  in  those  portions  where  the 
instrument  is  used  nine  hundred  and  ninetv-nine  times  out  of 
a  thousand. 

N.  Monroe  Hopkins:  Are  there  any  data  on  the  weight  in 
j^rams  of  the  rotating  member  of  the  induction  type  meter  as 
used  ? 

Paul  MacGahan:  Referring  to  Mr.  Mowbray's  question: 
The  method  of  compensating  the  ammeter  for  temperature 
changes  is  very  simple.  The  windings  consist,  in  fact,  of  a  series 
transformer,  wherein  the  secondary  coil  is  wound  on  an  electro- 
magnet, the  ])rimar\-  coil  woimd  right  over  same,  and  the  pole- 
piece  coils  short-circuited  across  the  secondary'.  As  the  tempera- 
ture of  tiic  aluminum  drum  increases  its  resistance  increases, 
tending  to  reduce  the  torcjue  in  the  ratio  of  the  temperattire 
coefficient  of  the  ahiniinum.  At  the  same  time,  however,  the 
resistance  of  the  secondary  winding,  which  is  partially  or  mostly 
coj)[)er,  increases  which  is  equivalent  to  introducing  resistance  in 
the  secondary  circuit  of  a  series  transformer,  which  of  cotirse 
iiKTcases  the  magnetic  flux.  The  increased  magnetic  flux  gives 
greater  driving  power,  and  exactly  compensates  for  the  increased 
resistance  of  the  drum.  This  is  explained,  somewhat  theoretic- 
ally, in  thc^  i)ai)er  itself. 

As  regards  the  relative  accuracy  of  the  voltmeter  and  the 
ammeter,  it  is  true  that  the  ammeter  lias  a  greater  accuracy  than 
is  ])ossible  with  the  voltmeter.  This  is  at  the  same  time  true 
with  all  other  i:)rinciples  of  operation,  so  that  it  cannot  be  said  to 
be  exclusively  a  feature  of  the  induction  meter. 

With  regard  to  the  errors  of  the  wattmeters,  the  wattmeters 
as  developed  ha\'e  tenij)erature  and  frequency  errors  closely 
a])proximating  those  of  the  voltmeter  and  the  ammeter.  As 
slated  by  Mr.  Pratt,  accuracy  of  slightly  lower  order  than  of  the 
ammetcTs  or  \'()lt meters  is  permissible  in  a  switchboard  watt- 
meter. 

Messrs.  Pratt,  Ellis  and  Cox  express  themselves  very  much  in 
fa\-or  of  a  \-c'r\'  light  weight  moving  element  for  indicating  meters. 
In  this  I  concur,  only  provided  the  lightness  is  not  obtained  at  a 
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sacrifice  of  torque  ratio  and  staunchness.  As  a  comparison  it 
may  be  pointed  out  that  in  a-c.  watt-hour  meter  practise  certain 
manufacturers  have  greatly  favored  a  movement  of  30  grams 
weight  rather  than  one  of  15  grams  and  have  argued  that  the 
increased  torque  obtained  thereby  is  an  advantage.  If  a  weight  of 
30  grams  upon  one  jewel  is  considered  satisfactory  by  them,  for 
watt-hour  meters,  should  not  they  consider  a  weight  of  ID  grams 
distributed  between  two  jewels  satisfactory  in  every  respect  for 
an  indicating  instrument?  The  average  of  three  makes  of 
moving  iron  instruments  made  in  this  country  and  abroad, 
shows  a  weight  of  two  grams  for  the  movement,  with  a  torque 
of  Vio  centimeter-gram ;  the  induction  type  movement  described 
by  me  weighs  10  grams,  with  a  torque  28  times  as  great,  which 
shows  quite  a  predominance  in  favor  of  the  induction  type,  with 
regard  to  ratio  of  torque  to  weight. 

It  has  been  pointed  out  on  one  or  two  occasions,  that  the 
weight,  acting  upon  the  theoretical  point  of  contact  on  the  jewel, 
resiilts  in  a  pressure  of  several  hundred  thousand  pounds  per 
square  inch.  This  is  surely  an  academic  point,  otherwise  the 
jewel  would  give  way  on  the  slightest  impact.  As  a  matter  of 
fact  the  bearings  operate  very  satisfactorily. 

As  regards  scale  length  in  switchboard  indicating  instruments, 
the  readability  of  the  scale  should  be  of  a  higher  order  of  accuracy 
than  that  of  the  meter  element  itself.  This  is  on  account  of  the 
fact  that  readings  are  often  required  to  be  taken  hurriedly  from 
a  distance,  and  thus  the  condition  is  different  from  that  obtaining 
in  portable  instrtunents,  where  a  close  observation  may  be  made 
and  thus  a  scale  no  more  accurate  than  the  inherent  accuracy  of 
the  mechanism,  is  permissible. 

W.  H.  Pratt:  There  was  a  question  asked  as  to  temperature 
errors  in  the  frequency  indicator  which  I  described,  and  I  may 
say  that  there  are  three  elements  in  this  device  whose  tempera- 
ture coefficients  must  be  considered.  There  are  the  condensers,  the 
reactances  and  the  resistances,  besides  the  mechanical  parts. 
It  is  easily  possible  to  make  the  mechanical  structure  so  that 
there  are  no  temperature  errors  introduced  thereby.  The 
errors  due  to  change  in  resistance  can  be  reduced  to  negligible 
quantities,  because  the  resistance  does  not  come  in  as  a  large 
factor,  and  what  there  is  of  it  can  be  made  to  have  a  low  tem- 
perature coefficient.  The  reactance  can  also  be  made  to  have  an 
entirely  negligible  temperature  coefficient,  and  by  properly 
designing  the  condensers  these  also  can  be  made  to  have  zero 
temperature  coefficient  so  that  the  instrument,  as  stated,  has  a 
temperature  coefficient  that  is  almost  exactly  zero.  It  is  extremely 
small. 

A.  W.  Pierce:  The  question  has  been  asked  whether  the 
voltmeter  has  a  zero  temperature  coefficient.  The  voltmeter 
has  a  small  temperature  coefficient,  but  any  slight  alteration  in 
resistance  that  may  arise,  or  any  other  change  of  drop  in  the 
wire,  is  taken  care  of  in  the  method  of  calibration,  and  automatic- 
ally corrects  itself  when  the  instnunent  is  calibrated. 
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It  has  also  been  stated  that  the  results  shown  in  the  paper 
are  those  where  extreme  care  was  used.  Personally,  I  had 
nothing  to  do  with  the  checking  of  these  instruments.  This  is 
the  routine  calibration  of  our  standard  as  it  was  taken  by  men 
in  the  laboratory,  most  of  whom  have  been  there  only  a  short 
time,  and  some  of  them  less  than  two  months,  though  they  have 
been  instructed  in  the  care  of  hot-wire  instruments  and  have 
been  told  something  of  their  limitations. 

John  Gilmartin:  (communicated  after  adjournment):  It 
is  very  interesting  to  note  how  the  many  obstacles  to  an  accurate 
induction  type  instrument  have  been  met  and  skilfully  overcome, 
as  is  so  ably  shown  in  the  paper  on  induction  type  meters.  One 
characteristic  of  the  induction  type  instrument  not  mentioned 
by  Mr.  MacGahan  is  that  the  torque  developed  on  severe  over- 
loads is  excessive  and  may  shift  or  break  the  pointer. 

A  certain  central  station  switchboard  has  the  feeder  panels 
equipped  with  induction  type  instnmients  and  it  has  been  found 
that  circuit  disturbances  occur  quite  frequently  that  are  severe 
enough  to  cause  the  pointers  of  the  instruments  to  bend  and  in 
some  cases  break  off  when  the  pointer  hits  the  stop  and  in  others 
to  slip  on  the  armature  shaft  and  thus  shift  zero.  Attempts  to 
overcome  these  effects  by  improving  the  spring  stop  have  been 
only  partly  successful. 

A  brief  discussion  of  the  characteristic  action  of  the  other 
types  of  instruments  on  overload  is  of  value  in  bringing  out  the 
comparative  effects. 

The  magnet  vane  and  dynamometer  type  instruments  have  a 
limited  scale  movement,  that  is,  the  vanes  or  moving  coils 
usually,  as  the  load  increases,  move  from  a  position  across  the 
field  of  the  fixed  coils  to  a  position  parallel  to  it,  after  which 
there  is  no  further  torque  no  matter  how  excessive  the  overload. 
Such  instruments,  as  is  well  known,  usually  have  scales  whose 
divisions  become  very  small  at  both  ends,  that  is,  the  torque 
per  scale  unit  decreases  rapidly  as  the  pointer  approaches  the 
maximum  scale  i)oint. 

Induction  type  meters,  on  the  contrary,  by  reason  of  the  rotat- 
ing:;; field  principle,  have  a  constantly  increasing  torque  with 
load,  and  the  divisions  and  torque  per  scale  unit  become  larger 
at  the  maximum  point  of  the  scale.  The  pointer  is  not  naturally 
limited  in  its  length  of  throw  as  are  the  other  types  referred  to; 
that  is,  if  the  stops  were  removed  the  moving  part  would  rotate 
at  a  definite  speed  as  an  induction  motor. 

In  a  test  made  on  a  modem  switchboard  type  induction 
ammeter  it  was  found  that  if  300  per  cent  of  full  load  ciurent 
was  thrown  on  the  meter  the  pointer  was  thrown  so  hard  against 
the  stop  as  to  cause  it  to  shift  its  zero  position.  On  the  other 
hand  500  per  cent  of  load  thrown  repeatedly  on  a  magnetic 
vane  instnmicnt  caused  no  zero  shift.  Both  types  of  instniments 
liad  magnetic  damping.  The  inferior  results  given  by  the  induc- 
tion meter  on  this  test  were  not  considered  due  in  any  sense  to 
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poor  design  or  workmanship,  as  both  were  excellent,  but  rather 
to  the  relatively  tremendous  overload  torque  inherent  in  the 
rotating  field  principle. 

Paul  McGahan  (by  letter) :  Referring  to  Mr.  John  Gilmar- 
tin^s  communication  after  adjournment,  the  effect  of  overload 
upon  the  pointers  of  induction  meters  is  more  severe  than  in 
other  types,  due  to  the  increase  in  torque,  but  the  movements 
can  be  made  strong  enough  to  withstand  it. 

Although  trouble  as  stated  appeared  in  certain  cases,  this  can 
be  said  to  be  part  of  the  development  of  the  type,  for  the  matter 
has  been  satisfactorily  corrected.  The  ammeters  described  will 
withstand  fifteen  times  full  load  current  thrown  on  repeatedly 
without  damage — ^in  fact,  the  coils  will  bum  out  on  overload 
before  the  pointer  or  other  parts  of  the  movement  become 
damaged.  This  compares  very  favorably  with  the  overload 
capacity  of  moving  iron  or  moving  coil  meters.  Although  it  is 
true  that  in  moving  iron  vane  instruments,  the  iron  moves  to  a 
position  parallel  to  the  lines  of  force  through  the  coil,  this  takes 
place  only  after  an  appreciable  length  of  time,  as  the  meters  have 
inertia  and  damping.  The  overload  effect  takes  place  instantly 
while  the  iron  is  still  in  its  position  of  maximum  torque  and  thus 
the  result  is  that  an  enormous  torque  is  developed,  the  same  as  in 
induction  instruments. 

A.  W.  Pierce  (by  letter) :  The  statement  that  hot  wire  volt- 
meters have  no  temperature  coefficient  was  made  on  the  strength 
of  tests  made  some  years  ago,  records  of  which  have  not  been 
preserved.  Since  presenting  the  paper  we  have  made  a  careful 
test  on  a  hot  wire  voltmeter,  with  the  following  results : 


Amperes  through -instrument 

Volts  at  terminals 

Ohms  resistance 

0.0009202 

0.01403 

15.25 

0.01536 

0.2343 

15.26 

0.01539 

0.2348 

15.26 

0.04627 

0.6904 

15.25 

0.1044 

1 . 5937 

15.26 

0.1515 

2.303 

15.20 

0.1774 

2.7292 

15.38 

0.1861 

2.8430 

15.28 

0.1970 

3.0093 

15.27 

Current  measurements  were  made  with  standard  resistances 
and  potentiometer. 

Volts  at  terminals  of  the  instrument  were  measured  by  the 
same  potentiometer  used  for  the  current. 

The  two  readings  shownng  the  greatest  variation  from  the 
mean  value  of  the  resistance  may  be  in  error  due  to  the  difficulty 
of  keeping  the  current  constant  while  reading  current  and  voltage 
on  the  same  instrument. 

The  lowest  current  given  was  not  large  cnouj^h  to  cause  any 
detectable  deflection  of  the  voltmeter  needle  and  the  highest 
current  was  slightly  more  than  that  required  to  producclfnll 
scale  deflection. 


A  paper  presented  at  ike  29lh  Annual  Con- 
vention  of  the  American  Institute  of  BUetrical 
Engineers.   Boston,   Mass.,  June  28,   1912. 

Copyright.  1912.    By  A.I.B.B. 


PERMEABILITY    MEASUREMENTS   WITH 
ALTERNATING  CURRENT 


BY  L.  T.   ROBINSON  AND  J.  D.  BALL 


In  testing  samples  of  sheet  iron  to  determine  whether  or  not 
the  material  is  suitable  for  the  specific  purpose  for  which  it  is 
intended,  it  is  desirable  to  know  the  core  loss  in  a  unit  volume 
of  the  material.  The  total  core  loss  obtained  may  be  separated 
by  well-known  means  into  hysteresis  and  eddy  losses  or  the  total 
core  loss  without  separation  may  be  used  as  a  measure  of  the 
quality  of  the  material. 

In  designing  apparatus  it  is  also  necessary  to  know  with  some 
degree  of  accuracy  the  permeability  of  the  material. 

Accurate  measurements  of  permeability  may  be  obtained  by 
various  methods,  and  approximate  methods  of  practical  value 
have  been  employed  in  which  the  ballistic  galvanometer  is  not 
used,  but  for  the  most  part  these  methods  require  that  the  sample 
under  test  be  put  through  the  permeability  tests  on  direct  cur- 
rent. 

It  is  desirable  to  find  means  to  measure  permeability  with 
accuracy  and  speed  comparable  with  core  loss  measurements,  and 
as  core  loss  measurements  are  made  on  alternating  current,  a 
method  using  the  same  current  supply  as  that  used  in  making 
this  test  is  sought. 

The  present  pai)er  deals  with  the  general  relations  between  max- 
imum flux  density,  maximum  exciting  current  and  magnetizing 
current.  (1)*  The  method  has  not  been  completely  developed 
to  deal  with  samples  in  the  form  of  bundles  of  strips.  The 
preliminary'  work  referred  to  was  confined  to  ring  samples,  but 
the  general  principles  involved  may  be  used  later  in  dealing  with 
samples  of  standard  fonn.(2)* 

*Scc  references  (I)  and  (2)  at  end  of  paper. 
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In  a  sample  of  iron  magnetized  by  an  alternating  current 
the  maximum  magnetizing  current  occurs  quite  obviously  at 
the  point  of  maximum  flux,  which  is  the  point  of  zero  induced 
voltage.  The  total  primary  current,  however,  contains  eddy  com- 
ponents which  may  include  currents  for  supplying  instruments, 
e.g.,  a  voltmeter  for  measuring  the  magnetic  density,  connected 
to  a  secondary  winding,  as  well  as  eddy  currents  in  the  iron. 

We  will  write  /«  for  the  maximum  magnetizing  current. 

/,  for  the  maximum  exciting  or  total  current. 
/■  for  the  maximimi  eddy   current,   including 

any  currents  in  the  secondary. 
««,  t,  and  itr  will  be  used  to  represent  the  instan- 
taneous values  of  the  above  quantities. 

For  the  present  only  sam- 
ples will  be  considered  in 
which  the  laminations  are 
thin  enough  so  that  appreci- 
able "  screening  "  does  not 
occur.  The  eddy  current  fr 
may  be  considered  to  be 
exactly  in  phase  with  the  in- 
duced voltage  and  therefore 
to  pass  through  zero  when 
the  magnetizing  current  is  at 
a  maximum. 

Therefore  the  instantaneous 
value  of  the  primary  current 
1.  which  occurs  at  the  instant 
that  the  induced  e.m.f.  passes  pj^.^  ^ 

through   zero  represents   /», 

the  magnetizing  current  to  be  used  in  plotting  the  B-H  curve. 
B  may  be  directly  determined  by  voltmeter  if  sine  wave  of 
e.m.f.  is  employed  and  wave  distortion  does  not  occur  in  the 
apparatus.  The  distortion  of  secondary  e.m.f.  wave  has  been 
carefully  considered  in  connection  with  the  commercial  ap- 
paratus already  referred  to  and  need  not  be  discussed  here. 

Under  some  conditions  the  maximum  magnetizing  current 
very  closely  coincides  with  the  maximum  total  primary  current. 
The  condition  of  coincidence  will  occur  when  the  sinusoidal 
eddy  and  secondary  component  of  the  total  primary  distorted 
wave  does  not  at  any  point  exceed  the  difference  between  the 
magnetizing  current  at  that  point  and  the  maximum  magnetizing 
current. 
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While  this  relation  is  somewhat  difficult  to  express  concisely 
with  words  or  symbols  it  is  very  quickly  shown  by  reference  to 
the  figures  and  oscillograms  which  follow. 

Fig.  1  shows  an  induced  e.m.f.  wave,  a  magnetizing  current 
wave  t™  derived  from  a  hysteresis  loop  and  an  assumed  enei^ 
wave  t»  in  phase  with  the  induced  e.m.f.  A  wave  of  total 
current  i,  derived  from  the  magnetizing  and  eddy  waves  is 
also  shown.  It  will  be  seen  from  this  figure  that  /,  is  identical 
with  /„  because  the  eddy  current  is  at  no  point  greater  than  the 
difference  between  t_  and  /„. 

Fig.  2  is  the  same  as  Fig.  1,  except  that  the  eddy  current  has 
been  assumed  to  be  larger  and  in  consequence  the  exciting  current 
is  larger.  In  this  assumed  case 
it  is  seen  that  7,  is  greater  than 
/_  and  the  assumption  that 
they  are  alike  would  lead  to  an 
error  of  about  12  per  cent. 

Figs.  3  to  7  inclusive  are 
records  of  current  and  in- 
duced e.m.f.  at  various  induc- 
tions. The  sample,  of  high- 
resistance  iron  0.014-in.  (0.035 
cm.)  thick,  weighing  about  22 
lb.  (10  kg.),  was  selected  be- 
cause several  careful  ballistic 
determinations  for  permeabil- 
ity and  hysteresis  had  been 
made  on  the  sample  in  connec- 
tion with  some  earlier  work. 
Perpendiculars  have  been  drawn  from  the  point  of  aero  voltage 
intercepting  the  exciting  current  curve  at  the  point  of  maximum 
magnetizing  current.  From  these  and  similar  records  the  as- 
sumption for  this  sample  that  I,  =  /«  is  in  error  by  the  following 
percentages:  eo-  25-^ 
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In  order  to  show  the  relationship  more  fully,  the  current  and 
voltage  of  Fig.  4,  B  =  10,075,  60~ ,  are  plotted  together  with  the 
magnetizing  current  wave  derived  from  its  hysteresis  loop.  Fig.  8. 
Subtracting  the  values  of  i^  from  t,  and  plotting  the  differences 
gives,  as  expected,  a  wave  in  phase  with  the  induced  e.m.f.  and 
of  form  approximately  sinusoidal. 

Taking  the  effective  value  of  this  wave  and  of  the  voltage 
wave'we  obtain  a  value  for  the  watts  loss,  which  was  found  to 
agree  closely  with  the  watts  consumed  in  the  voltmeter  plus 
the  eddy  current  loss  as  determined  by  separation  tests.     The 
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Curves  for  e  and  i,  taken   frou  Pic.  4.  Curve  for  t^  dkrived 
FROM  Hysteresis  Loop  (Ballistic). 
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loss  on  the  oscillograph  circuit  was  included  with  the  voltmeter 
loss.  In  order  to  reduce  this  loss  as  much  as  possible  the  os- 
cillograph vibrator  used  for  taking  the  voltage  wave  was  con- 
nected to  a  separate  winding  having  two  to  four  tunis  and  a 
very  small  resistance  was  included  in  the  vibrator  circuit. 

Oscillograms  for  all  densities  given  in  the  preceding  table  were 
taken  both  at  60  ^  and  25  ^  but  only  representative  ones  are 
shown. 

The  accuracy  of  these  results  was  tested  by  dcLcrmining  B-II 
curves  in  the  usual  manner  with  ballistic  galvanometer  and  the 
j;fncral  agreement  between  the  results  is  shown  in  Fig,  9.  The 
agreement  is  not  what  could  be  considered  entirety  satisfactory, 
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as  final  values,  but  is  sufl^icient  to  establish  the  fact  that  the 
preceding  general  conclusions  are  substantially  true. 

There  remains  to  be  determined  by  convenient  means  the 
value  of  /,.  The  taking  of  an  oscillogram  for  each  induction 
is  ]jrohibitive  in  practical  work,  therefore  tests  were  made 
with  the  oscillograph  by  observing  for  each  induction  the 
width  of  the  band  of  lijjlit  coming  from  the  vibrator  which  was 
connected  into  the  current  circuit.  The  width  of  this  beam 
corrected  for  the  width  of  the  spot  as  observ'ed  in  the  zero  position 
is  a  measure  of  twice  the  maximum  exciting  current,  which  is 
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evaluated  l>y  means  of  a  d-c.  calibration  of  the  vibrator.  Ad- 
ditional tests,  similar  tn  Fig.  9,  were  made  on  siTnilar  material, 
observing;  the  width  of  the  beam,  an<l  better  results  were  obtained 
(see  I'ig.  10)  than  thn.se  found  on  the  sample  of  Fig.  9,  which  was 
shown  because  waves  and  ballistic  loops  were  available  on  this 
sample.  A  sample  of  low-resistance  unalloyed  iron  was  tested, 
showing  a-c,  and  d-c.  results  not  in  good  agreement  between 
B  =  4000  and  B  =  10,000.  This  would  be  expected  in  a  sample 
having  high  permeability  accompanied  by  relatively  large  eddy 
loss. 
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Conclusions 

The  measurement  of  maximum  current  {/,)  by  elementary 
oscillograph,  observing  the  width  of  the  beam,  is  satisfactory* 
and  furnishes  a  convenient  and  fairly  accurate  means  for  deter- 
mining the  values  in  any  work  where  the  maitimum  rather  than 
the  average  or  effective  value  of  a  current  or  voltage  is  required. 

The  assumption  that  /,  represents  /«,  in  all  cases,  is  not  war- 
ranted, due  to  the  causes  explained,  and  further  investigation  is 
required  before  the  limits  of  thickness  of  lamination,  permea- 
bility, relative  eddy  loss,  shape  of  hysteresis  loop,  etc.,  which 
can  be  successfully  handled,  are  definitel  ydetermined.  The 
samples  experimented  on,  particularly  Fig.  10,  were,  by  reason 


Fig.  10 — Showing  B-H  and  Perueability  Curves.  Same  Data 
AS  Pig.  9,  oh  a  Diffekent  Sample. 


of  relatively  high  hysteresis  loss,  low  eddy  current  and  medium 
permeability,  well  suited  to  obtaining  good  results  by  the  methwl 
used,  although  the  oscillograms  show  that  the  total  primary 
current  tends  to  reach  a  maximum  in  excess  of  the  maximum 
magnetizing  current. 

The  investigations  will  be  continued  in  the  hope  of  finding 
that  the  limits  of  practical  application  are  not  too  narrow  to  be 
of  value. 
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primary  winding  is  included  in  series  with  the  exciting  winding 
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The  fact  that  the  maximum  primary  current  may  not  always 
represent  the  maximum  magnetizing  cturent  is  not  referred  to 
in  the  article,  and  the  authors  of  the  present  paper  believe  that 
the  determination  of  maximum  current  by  observing  the  width 
of  band  on  the  elementary  oscillograph  is  more  convenient  than 
the  method  proposed  by  Messrs.  Beattie  and  Gerrard.  The 
fact  referred  to  in  a  footnote  by  Beattie  and  Gerrard  that  B-H 
curves  on  alternating  current  lie  below  those  of  direct  current  may 
be  accounted  for  in  part  by  the  fact  that  secondary  and  eddy 
current  may  raise  the  maximum  of  the  exciting  current  and  con- 
sequently cause  too  large  H  values  to  be  plotted  on  alternating 
current. 

2.  The  standard  sample  according  to  the  specifications  of  the 
American  Society  for  Testing  Materials  is  the  same  as  that  used 
in  the  Epstein  apparatus,  viz.  50  by  3  cm.  (  19  11/16  by  1  3/16 
in.)  weighing  10  kg.  (22  lb.)  and  divided  into  four  equal  bundles. 
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MEASUREMENTS   OF    MAXIMUM  VALUES   IN  HIGH- 

VOLTAGE  TESTING 


BY   C.    H.    SHARP   AND   F.   M.   FARMER 


The  breakdown  strength  of  insulating  materials  is  measured  by 
the  maximum  voltage  which  they  will  withstand  imder  given 
conditions.  Tests  arc  ordinarily  made  on  alternating  voltages, 
and  the  measurement  of  the  maximum  voltage  is  effected  by 
indirect  rather  than  direct  means;  that  is,  by  measuring  the 
virtual  value  of  the  voltage  on  either  the  primary  or  the  sec- 
ondary of  the  transformer  and  arriving  at  the  maximum  value 
by  using  a  measured  or  assumed  value  of  the  peak-factor*  of  the 
wave.  It  is  unfortunately  true  that  this  peak-factor  is  more 
often  assumed  than  measured,  and  no  doubt  many  tests  of  dielec- 
tric strength  are  inaccurate  because  of  imsuspected  changes 
in  the  wave-form  produced  by  conditions  of  the  test.  Only 
in  the  spark-gap  has  an  apparatus  been  available  whereby  a 
measure  of  the  actual  maximum  value  of  the  high  voltage  could 
be  obtained.  The  spark-gap  is  however,  a  most  imcertain 
piece  of  apparatus,  the  vagaries  in  the  behavior  of  which  have 
by  no  means  been  accounted  for.  Installed  according  to  the 
Standardization  Rules  of  the  Institute,  a  spark-gap  for  measur- 
ing 250,000  volts  requires  a  space  such  that  no  "  extraneous" 
body  comes  nearer  than  4  ft.  3  in.  (129.4  cm.);  that  is,  a  clear 
space  or  room  85  by  8§  by  85  feet  (259  cm.)  is  required.  In  view 
of  this  requirement,  the  spark-gap  is  a  very  large  and  cumber- 
some, as  well  as  uncertain  and  imsati sf actor y  apparatus. 

The  arrangement  here  described  is  designed  to  give  readings 
on  a  voltmeter  of  the  maximum  value  of  a  high-voltage,  wave. 

*  The  term  "peak-faclor"  is  used  for  the  ratio  of  the  maximum  voltage 
of  the  wave  to  the  virtual  voltage. 
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The  scheme  is  shown  in  Fig.  1.  A  series  of  condensers  C,  serv- 
ing as  a  voltage  divider,  is  connected  across  the  high-voltage 
line  or  from  one  side  of  the  high-voltage  line  to  groimd,  if  the 
transformer  secondary  is  groimded.  In  parallel  to  the  con- 
denser Cu  which  is  groimded,  is  connected  a  rectifier  or 
commutator  R  driven  by  a  synchronous  motor,  the  rectifier  be- 
ing connected  in  turn  to  an  electrostatic  voltmeter  V.  The 
commutator  is  adjusted  to  make  instantaneous  contact  between 
the  condenser  and  the  voltmeter  at  the  peaks  of  the  waves.  The 
voltmeter  thus  becomes  charged  to  a  potential  corresponding  to 
the  maximum  of  the  voltage  waves  and  indicates  this  value.  In- 
asmuch as  the  voltmeter  is  always  charged  in  the  same  direc- 
tion, it  reaches  its  maximum  charge  after  a  few  contacts  of  the 
brushes  and  after  that  draws  no  charging  current  from  the  con- 
denser with  which  it  is  in  parallel,  except  such  as  is  necessary  to 
supply  leakage  loss  and  to  change  the  potential  of  the  ungroimded 
side  of  the  voltmeter  with  respect  ^-^-^, 

to  the  earth.  Both  of  these  ]-WWM\^WWM^ 
charges  should  be  relatively 
small.  Hence  the  capacity  of  the 
electrostatic  voltmeter  does  not 
change  the  multiplying  ratio  of 
the  train  of  condensers,  which  is 
equal  to  the  ratio  of  the  capacity 
of  the  end  condenser  to  that  of  p,Q  j 

the  entire  train,  and  the  absolute 

value  of  the  capacity  of  these  condensers,  be  it  large  or  small, 
has  no  influence.  Of  course  for  practical  reasons  the  absolute 
capacity  should  not  be  too  small. 

The  calibration  of  the  arrangement  may  be  carried  out  in  two 
different  ways,  both  of  which  assume  that  the  virtual  value  of 
the  high  voltage  can  be  measured. 

Method  1.  The  synchronous  motor  is  stopped  in  such  a  posi- 
tion that  the  brushes  are  making  contact.  Then  the  electro- 
static voltmeter  indicates  a  value  proportional  to  the  virtual 
value.  By  comparing  this  value  with  the  known  high-tension 
voltage  a  calibration  of  the  arrangement  in  volts,  high  tension, 
IS  obtained.  The  calibration  is  not,  however,  exactly  the  same 
for  volts  maximum  unless  the  capacity  of  the  voltmeter  is  negli- 
gible in  comparison  with  that  of  the  condenser  with  which  it  is 
in  parallel.  Otherwise,  when  connected  permanently  in  parallel 
with  the  end  condenser,  it  alters  the  multiplying  ratio  of  the 
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train,  which,  as  explained  above,  is  not  the  case  in  measuring 
maximum  volts.  By  properly  proportioning  the  condensers, 
the  capacity  of  the  condenser  may  be  many  times  that  of  the  volt- 
meter, and  this  method  may  be  used,  or  in  any  case  where  the 
capacity  of  the  voltmeter  is  known,  a  correction  corresponding 
thereto  may  be  applied. 

Method  2.  The  position  of  the  contact  brushes  may  be  shifted 
and  their  positions  read  on  a  graduated  disk.  By 
shifting  these  brushes  to  different  positions  and  taking  corre- 
sponding readings  of  the  voltmeter,  data  may  be  obtained  for 
plotting  a  wave-form  curve.  By  finding  the  r.m.s.  ordinate  of 
the  curve  and  comparing  it  with  the  value  in  volts  of  the  virtual 
voltage  applied  to  the  series  of  condensers,  the  multiplying  power 
of  the  condensers  is  determined.  This  method  of  calibrating 
makes  no  assumptions  as  to  the  capacities  and  other  properties 
of  the  condensers. 

When  once  the  calibration  has  been  carried  out,  the  electro- 
static voltmeter  may  be  graduated  to  read  directly  values  of 
high-tension  volts;  with  the  brushes  set  to  the  right  position,  the 
apparatus  reads  the  maximum  voltage  used  in  a  breakdown 
test. 

The  actual  apparatus  constructed  and  used  in  applying  the 
above  method  is  as  follows: 

The  condenser  train  (Fig.  2)  consists  of  21  glass  plates  9  by  9  in. 
(23  cm.)  coated  on  each  side  with  tin-foil  5  by  5  in.  (13  cm.)  and 
having  a  capacity  of  about  0.0006  microfarad  each.  These 
are  supported  on  a  rack  of  dried  hardwood  impregnated  with  oil 
and  are  immersed  in  a  metal  tank  filled  with  transformer  oil. 
The  tank  is  grounded  and  serves  to  prevent  variations  in  the 
capacity  of  the  condensers  due  to  changes  in  outside  conditions. 
The  oil  is  required  to  prevent  corona  discharge  at  high  tension  and 
leakage  due  to  dirt,  moisture,  etc.,  on  the  plates,  either  of  which 
would  cause  a  change  in  the  impedance  and  introduce  an  error. 

Since  the  electrostatic  voltmeter  has  a  comparatively  short 
useful  working  range,  the  train  needs  to  have  a  variety  of  mul- 
tiplying ratios.  For  this  reason  a  subdivided  mica  condenser 
is  used  as  the  grounded  condenser,  the  one  to  which  the  volt- 
meter is  connected.  This  condenser  can  be  adjusted  to  give 
any  required  multiplying  ratio.  It  need  not  be  placed  in  the  oil 
tank. 

The  commutator  (Fig.  3)  consists  of  a  disk  of  hard  rubber 
into  which  thin  brass  contactors  are  set  in  such  a  way  that  tV«j^ 
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strike  the  brushes.  The  brushes  must  not  touch  the  rubber  sur- 
face, for  if  they  do  they  are  Hable  to  get  a  difference  of  potential 
through  difference  in  friction,  and  to  affect  the  voltmeter  read- 
ing. The  brush-holder  is  adjustable  and  its  position  can  be 
read  on  a  divided  circle.  A  slow-motion  tangent  screw  is  pro- 
vided for  adjusting  the  position  of  the  brushes  accurately  to  the 
peak  of  the  wave.  The  commutator  is  driven  through  an  in- 
sulating coupling  by  a  small  synchronous  motor.  A  Kelvin 
multicellular  electrostatic  voltmeter  is  used,  fitted  with  a  mirror 
and  scale  for  exact  reading.  This  is  surrounded  by  a  grounded 
electrostatic  shield.  The  capacity  of  this  voltmeter  is  very  low, 
bdi^  approximately  0.00007  microfarad. 
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This  apparatus  has  been  tested  on  a  transformer  rated  at 
50  kv-a.,  250,000  volts,  having  the  middle  [Xiint  of  the  secondary 
grounded.  The  condenser  train  was  connected  from  one  leg 
of  the  transformer  to  earth  and  thus  was  affected  by  one-half 
the  total  voltage.  Calibrations  were  made  by  both  methods 
given  and  the  results  were  concordant  w'th  each  other  on  a 
smooth  wave  form,  nearly  siiiusoidal,  and  on  a  badly  distorted 
wave;  also  on  frequencies  of  25  and  GO  cycles  per  second.  During 
the  tests,  which  are  not  as  yet  completed,  v<illages  as  high  as 
140,000  volts,  ]>eak  value,  have  Im-ch  impresst.'<l  on  the  apjiaratus. 

The  wave-forms  and  jwak- factors  as  found  with  this  apparaius 
were  checked  by  tracing  the  wave-fonn  by  the  standard  in- 
stantaneous contact  method  and  also  by  the  oscillograph. 
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With  the  smooth  wave  {Fig.  4)  of  the  25-cycle  current,  the 
peak-factor  as  found  by  the  standard  method  was  1.50;ss found 
from   the   wave-form  traced  with  this  apparatus  it  was    1.51; 


as  found  frum  maximum  and  virtual  voltage  readings  of  the 
clt'ctrostatic  voltmeter  it  was  1,52. 

With  ihe  distorted  wave  (Fig,  5)  difficulty  was  encountered 
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ill  t  racinR  the  fonu  by  the  electrostatic  voltmeter.  This  arose  from 
the  fact  that  the  readings  of  the  voltmeter,  being  proportional 
to  the  square  of  the  voltape,  become  very  small  at  low  voltages, 
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and  from  the  further  fact  that  the  instrument  gives  no  indication 
of  a  change  of  polarity.  Hence  it  was  practically  impossible 
to  say,  from  readings  of  the  voltmeter,  on  which  side  of  the  zero 
line  the  additional  loops  of  this  wave  lay.  To  apply  this  method, 
therefore,  to  a  wave  which  is  badly  distorted  near  the  zero  value 
would  require  more   delicate  means  for  measuring  voltages. 

The  peak-factor  of  this  wave  as  determined  by  the  standard 
methods  was  2.00;  as  determined  from  maximum  and  virtual 
voltage  readings  on  the  electrostatic  voltmeter  it  was  2.00;  so 
that  this  simple  method  of  calibrating  held  even  in  this  extreme 
case. 

With  the  60-cycle  smooth  wave  (Fig.  6)  the  wave-form  by 
the  standard  method  gave  a  peak  factor  of  1.354;  the  voltmeter 
wave-form  gave  1.36  and  the  maximum  and  virtual  voltage 
readings  gave  1.368. 

The  agreement  of  the  results  of  the  different  method  is  suffi- 
ciently close  for  work  of  this  character.  There  seems  therefore 
to  be  no  difficulty  in  calibrating  the  apparatus  to  give  either 
maximum  or  virtual  volts  of  the  high-voltage  line.  The  use  of 
this  apparatus  should  relieve  high-voltage  tests  of  the  imcertainty 
as  to  the  actual  maximum  voltage  which  is  being  applied.  The 
elimination  of  guess-work  as  to  this  fvmdamental  quantity  can- 
not fail  to  give  more  satisfactory  results  in  this  important  class 
of  testing. 

It  may  be  noted  that  if  the  testing  transformer  has  low-volt- 
age measuring  taps  from  the  high- voltage  winding,  the  com- 
mutator and  voltmeter  may  be  used  directly  without  the  con- 
denser train.  The  change  in  range  of  the  voltmeter  cannot 
then  be  effected  so  easily,  but  considerable  complication  is 
avoided. 

The  above  work  has  been  performed  at  the  Electrical  Testing 
Laboratories  with  a  view  to  realizing  improvements  in  the 
accuracy  of  testing.  The  writers  desire  to  express  their  high  ap- 
preciation of  the  very  efficient  and  enthusiastic  assistance  of 
Mr.  E.  D.  Doyle  in  carrying  out  the  experimental  work. 
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Discussion  on  *'  Permeability  Measurements  with  Alter- 
nating Current  "  (Robinson  and  Ball),  and  "  Meas- 
urements OF  Maximum  Values  in  High-Voltage  Test- 
ing "  (Sharp  and  Farmer),  Boston,  Mass.,  June  28, 
1912. 

E.  D.|Doyle :  As  has  been  suggested  in  the  paper  by  Messrs. 
Sharp  and  Farmer,  the  electrostatic  voltmeter  should  have 
small  leakage  losses.  If  the  voltmeter  has  low  insulation  resist- 
ance, it  will  not  hold  its  charge  but  will  discharge  according  to 
the  exponential  law 


e  =  Cot 


-iffC 


where  eo  is  initial  voltage, 

e  is  the  voltage  at  time  /, 

c  the  capacity  of  the  voltmeter 

and      r  the  resistance  of  the  leakage  path. 


TOC, 


Fig. 1a 


Hence  the  voltmeter  will  not  indicate  the  maximum  voltage, 
but  one  depending  on  the  root-mean -square  charge  on  the 
voltmeter  between  times  of  contact. 

The  effect  of  leakage  can  be  largely  eliminated  by  connecting 
a  large  condenser  in  shimt  across  the  voltmeter  terminals. 
The  condenser  acts  as  a  storage  reservoir  and  takes  a  large 
enough  charge  during  the  instant  of  contact  to  supply  the  leakage 
losses  during  the  remainder  of  the  cycle  without  an  appreciable 
fall  in  potential. 

A  double-pole,  double-throw  switch  connected  as  shown  in 
Fig.  1a  allows  the  condenser  in  shunt  to  be  used  for  maximum 
indications  and  to  be  cut  out  for  virtual  indications.  This 
arrangement  has  the  further  advantage  of  enabling  all  readings 
to  be  taken  without  stopping  the  synchronous  motor. 

In  order  to  show  the  effect  of  the  condenser  in  shimtj  tests 
were  made  on  a  given  voltage  wave  with  various  artificial  leakage 
paths  between  the  voltmeter  terminals.  The  results  were  as 
follows: 
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Leakage  path —  Shunting  condenser  Peak  factor 

megohms  microfarads 


16,000  none  0.87 

1.000.000  "  1.35 

50  0.1  1.35 

1.000,000  0.1  1.35 

From  the  above  it  can  be  seen  that  with  a  0.1 -microfarad 
condenser  in  shunt  the  resistance  of  the  leakage  path  may  be 
as  low  as  50  megohms  without  causing  trouble,  whereas  opera- 
tion is  impossible  without  the  shunting  condenser  if  it  is  16,000 
megohms.  The  insulation  resistance  of  the  voltmeter  was 
originally  8,000,000  megohms  but  has  fallen  to  approximately 
1,000,000  megohms.  However,  with  the  capacity  in  shunt, 
little  trouble  is  anticipated  from  surface  leakage. 

The  operation  of  the  apparatus  is  now  very  satisfactory. 
The  voltmeter  is  nearly  dead  beat  and  readings  can  be  taken 
rapidly.  Unless  the  voltage  wave  is  very  peaked,  brushes  do 
not  need  to  be  shifted  imtil  the  voltage  has  passed  through  a 
wide  range.  The  apparatus  should  be  very  useful  in  high-voltage 
tests. 

M.  G.  Lloyd:  A  method  for  determining  permeability  by 
alternating  ctirrent  seems  very  important.  I  am  glad  to  see  a 
method  proposed  for  doing  that.  Of  covu"se,  methods  have 
already  been  proposed  along  that  line,  but  cannot  be  regarded 
as  entirely  satisfactory.  In  many  cases,  no  doubt,  the  designer 
wotdd  prefer  to  have  the  value  of  the  exciting  current  rather 
than  the  permeability  curve,  to  use  in  designing;  in  other  cases 
it  is  valuable  to  know  the  actual  permeability  at  each  value  of 
flux  density.  This  paper  by  Messrs.  Robinson  and  Ball  seems 
to  indicate  a  way  in  which  they  may  eventually  be  combined, 
at  least  in  certain  cases. 

I  think  it  is  necessar>',  however,  to  bear  the  limitations  very 
strongly  in  mind .  It  is  shown ,  in  the  first  place ,  that  the  maximum 
exciting  current  does  not  correspond  to  the  magnetizing  current 
which  gives  the  maximum  flux.  This  is  brought  out  in  the  curves 
of  the  paper,  and  can  be  illustrated  very  well,  if  the  hysteresis 
ctUA^e,  or  perhaps  more  properly,  an  energy-loss  curve,  is 
plotted  in  cases  where  there  are  eddy  currents  or  energy  suppUed 
to  secondary  circuits.  In  some  curves  that  I  determined  some 
time  ago  under  such  conditions*  the  difference  from  the  static 
hysteresis  curve  was  brought  out  in  a  very  pronoimced  way. 
When  the  static  ctirv^e  is  determined  for  hysteresis,  it  is  found 
to  go  up  to  a  sharp  point  at  the  comer  of  the  loop.  On  the  other 
hand,  if  .the  curve  is  determined  with  alternating  current,  and 
with  the  existence  of  eddy  currents,  that  comer  becomes  rounded 
off,  showing  in  a  very  marked  way  that  the  maximum  exciting 

*  Bulletin  of  Bureau  of  Standards,  V.  page  402;  1908. 
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current  does  not  correspond  with  the  maximum  flux-density. 
The  oscillographic  curves  in  this  paper  bring  out  the  same  thing. 
Some  of  the  limitations  have  been  expressed  by  the  authors. 
One  of  them  which  is  emphasized,  is  that  the  specimen  must  be 
thin  enough  to  avoid  magnetic  screening.  Another  one,  which 
is  perhaps  not  emphasized  enough,  although  it  is  definitely 
stated,  is  that  the  assumption  is  made  that  the  eddy  currents 
are  in  phase  with  the  e.m.f.  which  produces  them.  Now,  as  a 
matter  of  fact,  that  is  not  generally  true,  and,  of  covu"se,  the 
more  prominent  the  eddy  currents  become,  the  greater  the  effect 
which  would  be  occasioned  by  the  fact  that  the  assiunption  is 
not  entirely  warranted.  So  that  this  method,  while  it  may  prove 
to  be  practicable  in  certain  cases,  is  likely  to  be  very  limited 
in  its  application. 

We  have  been  in  the  habit  of  thinking  of  the  oscillograph  as 
an  instrument  for  simply  drawing  curves  of  wave  form.  In  one 
of  the  papers  presented  at  the  Boston  convention,  by  Professor 
Harding,  we  saw  how  it  could  be  used  in  making  measurements 
of  other  quantities  than  wave  form,  and  here  we  have  an  instance 
of  its  use  in  measuring  the  maximum  value  of  a  quantity,  and  in 
a  case  like  this  the  maximum  value  can  be  determined  without  ' 
actually  drawing  the  curve,  merely  observing  the  deflection 
on  the  oscillograph  scale.  It  occurs  to  me  that  in  the  case  of 
maximimfi  voltage,  as  in  the  paper  presented  by  Dr.  Sharp  and 
Mr.  Farmer,  it  might  prove  a  very  convenient  means  of  getting 
the  maximum  value.  I  do  not  think  it  would  have  the  accuracy 
of  the  method  presented  by  them,  but  in  cases  where  the  highest 
accuracy  is  not  needed,  and  the  oscillograph  is  sufficiently  accur- 
ate, my  experience  with  rotating  commutators  would  indicate 
that  it  might  be  a  much  more  satisfactory  method  for  doing 
rapid  work. 

Clayton  H.  Sharp:  I  wish  to  point  out  the  difference  that 
the  method  I  have  referred  to  is  one  which  requires  no  ciurent. 
I  do  not  know  how  you  can  use  the  oscillograph  without  consum- 
ing current.  The  electrostatic  voltmeter,  once  charged,  stays 
charged.  There  is  the  difference  between  it  and  the  oscillograph, 
and  it  is  a  fundamental  difference. 

As  to  the  rotating  commutator  not  being  satisfactory,  the  same 
statement  applies — the  poorest  kind  of  contact  is  sufficient, 
because  it  is  only  a  question  of  charging  the  condenser.  Not 
only  that,  but  the  use  of  an  actual  voltmeter  rather  than  an 
oscillograph  is  obviously  a  desirable  thing. 

T.  W.  Varley :  What  percentage  of  your  contact  is  the  width 
of  the  contact  relative  to  the  width  of  the  sign?  How  much  of 
the  contact  do  you  lose? 

Clayton  Sharp :  Probably  not  over  one  per  cent.  It  is  very 
narrow. 

L.  T.  Robinson:  I  was  much  interested  in  the  term  used  in 
Dr.  Sharp's  paper,  *'  peak-factor."  It  seems  to  me  to  be  a  very 
good  one,  but  I  think  it  is  new.  We  have  used  the  term  "  ampli- 
tude-factor "  that  was  coined  some  years  ago  by  Dr.  Fleming, 
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which,  if  I  understand  correctly,  is  the  reciprocal  of  this  term, 
and  previous  to  the  use  of  the  term  "  peak-factor,"  we  have  had 
employed  in  some  English  publications  the  term  **  crest-factor.*' 
I  like  "  peak-factor "  better  because  it  is  quite  commonly 
stated  when  things  happen  to  the  wave  that  the  wave  becomes 
peaked,  and  the  fact  of  its  becpming  peaked  could  be,  I  think, 
properly  expressed  as  **  peak-factor." 

It  was  intended  to  point  out  in  Mr.  Ball's  paper,  with  which 
I  had  some  slight  connection,  that  this  method  never  can  be 
exactly  right,  but  we  were  dealing  with  practical  matters  entirely, 
that  is,  there  was  no  intention  to  enter  into  it  from  the  stand- 
point of  exact  theory. 

With  reference  to  the  eddy  currents  being  out  of  phase,  the 
best  we  could  figiu"e  out  along  that  line  was  that  if  there  were 
appreciable  screening  the  eddy  current  would  be  out  of  phase. 
If  there  were  not,  it  wotdd  be  in  phase.  If  there  is  appreciable 
screening  the  method  gives  incorrect  values,  because  the  magnetic 
density  determined  by  the  voltage  on  the  secondary  winding 
would  indicate  the  average  value  over  the  sheet.  The  average 
value,  so  determined,  would  not  be  the  uniformly  distributed 
induction  through  the  sheet,  which  must  of  necessity  be  known 
in  order  to  plot  correctly  the  B  values  against  the  maximum 
magnetizing  current. 

The  intention  of  the  paper  was  not  to  speak  of  the  advantages 
and  wide  scope  of  the  method,  but  to  call  attention  to  the  fact 
that  even  in  the  cases  shown,  which  seem  to  be  the  most  favor- 
able kind  of  samples,  that  is,  samples  of  iron  with  low  eddy 
loss,  very  low  indeed,  and  thin  sheets,  etc.,  there  is  found  a 
tendency  of  the  maximum  primary  current  to  exceed  the  mag- 
netizing current  which  should  be  plotted  in  connection  with  the 
B'H  ctirve.  At  least,  the  total  ctirrent  had  a  definite  tendency 
to  be  so  large  at  maximtmi  as  to  exceed  the  magnetizing  current, 
but  at  the  same  time  the  difference  was  not  so  large  but  that  it 
still  looked  a  little  hopeful  to  us. 

Elihu  Thomson:  I  would  like  to  say  a  word  about  the  term 
"  peak-factor."  I  think  it  is  a  good  suggestion,  but  I  would 
like  to  see  **  wave-peak-factor  "  the  term,  which  would  define 
the  peak-factor  intended.  We  use  the  word  **  peak  "  in 
so  many  significations,  peak  of  the  load,  etc.,  that  I  think 
the  term  should  be  qualified.  Of  course,  if  the  context  of  the 
paper  shows  what  it  means  it  is  all  right,  but  as  Dr.  Sharp  has 
coined  the  term,  it  seems  to  me  as  a  measure  of  prevention  of 
confusion  it  might  be  well  to  put  the  word  *'  wave  "  before  it. 

Clayton  H.  Sharp:  Regarding  that  term  **  peak  factor,"  I 
did  not  mean  to  coin  anything.  It  seemed  to  be  a  rather  obvious 
term  to  use,  and  I  simply  used  it,  without  considering  whether 
it  was  new  or  old.  I  doubt  if  it  is  a  new  term,  although  it  may 
be.  I  agree  with  Professor  Thomson  in  his  suggestion  that  the 
term  might  be  more  specific,  and  it  might  be  made  "  wave  peak- 
factor." 


A  paper  presented  at  the  20th  Annual  Con- 
tention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28.  1912. 

Copyright.  1912.    By  A.  T.  E.  E. 


POTENTIAL  TRANSFORMER  TESTING 
Note  on  the  Effect  of  the  Resistance  of  the  Detector 
Circuit,  in  Determining  the  Ratio   of   Two   Alter- 
nating Voltages,  and  the  Phase  Angle  between 
them,  by  the  Balance  Method 


BY   J.    R.    CRAIGHEAD 


In  the  use  of  the  balance  method  of  determining  the  ratio  of 
the  primary  and  secx)ndary  voltages  of  potential  transformers, 
certain  variations  in  the  result  were  noted  which  appeared  to  be 
dependent  on  the  relation  of  the  resistance  of  the  detector 
(Rd  in  Fig.  1)  to  the  balance  resistance  Ri  and  Rt-  A  short 
theoretical  investigation  and  a  few  tests  were  made  to  determine 
the  cause  and  the  order  of  magnitude  of  the  errors  involved,  and 
to  ascertain  safe  limits  of  operation.  As  the  measurement  of 
the  detector  voltage  has  frequently  been  suggested  as  a  means  of 
determining  phase  angle  between  voltages,  the  relation  of  the 
detector  resistance  to  this  measurement  was  also  considered. 

The  cause  of  error  is  the  current  drawn  in  the  detector  circuit. 
If  the  two  voltages  to  be  compared  are  in  phase  and  of  the  same 
wave  form,  no  current  flows  in  the  detector  circuit  when  a  balance 
is  obtained,  and  no  error  can  result  from  this  cause.  In  the  usual 
condition,  however,  as  in  determining  the  voltage  ratio  and  phase 
angle  of  a  potential  transformer,  the  voltages  are  slightly  out  of 
phase  and  may  even  differ  slightly  in  wave  form.  Then  the 
balance  is  obtained  when  the  detector  indicates  minimum  or  zero, 
but  a  current  flows  in  the  detector  circuit  proportional  to  the 
voltage  across  the  detector  (practically  in  quadrature  with  the 
voltages  compared)  and  inversely  proportional  to  the  resistance 
of  the  detector  circuit.  This  current  evidently  passes  through 
one    section    of    the    bridging    resistance    placed    across    the 
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greater  voltage,  but  not  through  the  other.  Since  the  balance 
will  be  obtained  when  the  voltages  across  the  two  resist- 
ances reach  a  certain  relation,  and  since  the  currents  in  these 
resistances  are  unlike,  the  ratio  of  resistances  is  in  general  not 
an  exact  representation  of  the  ratio  of  the  voltages  compared ; 
and  since  the  detector  current,  taken  in  quadrattu'e  from  the 
current  in  one  of  the  bridging  resistances,  causes  it  to  differ  in 
phase  from  the  current  in  the  other  bridging  resistance,  the 
minimum  reading  of  the  detector  will  be  representative  of  an 
angle  (a  in  Fig.  2)  which  is  not  identical  with  7,  the  phase 
angle  between  the  voltages  compared. 

The  nature  of  the  detector  employed  has  an  influence  on  the 
result.    This  may  be  (a)  a  simple  voltmeter  (see  Figs.  1  and  2) 


Fig.  1 


or  (b)  a  dynamometer  separately  excited.  The  excitation  may 
be  in  phase  with  £2,  Eu  I2  or  /i.  The  error  with  excitation  in 
phase  with  I2  is  the  same  as  imder  (a).  If  the  excitation  is 
supplied  in  phase  with  Eu  E2  or  /i,  the  balance  is  obtained  under 
slightly  different  phase  relations,  and  the  errors  enter  into  the 
results  in  slightly  different  ways. 

To  obtain  an  idea  of  the  order  of  magnitude  of  the  errors 
involved,  it  will  be  sufficient  to  analyze  case  (a)  where  the 
detector  is  a  simple  voltmeter,  reading  a  minimum  at  balance, 
and  where  the  phase  angle  may  be  obtained  from  this  minimum 
reading. 

Referring  to  Figs.  1  and  2,  assume  Ei  and  E2  to  be  two  sine 
wave  voltages  differing  in  phase  by  the  angle  7,  balanced  for 
comparison  as  indicated  in  the  sketch.    The  voltage  jKd  across 
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the  detector  is  in  quadrature  with  the  voltage  h  Rt  across  Rs, 
since  the  contact  point  K  which  marks  the  division  of  the  total 
bridging  resistance  into  Ri  and  Rt  has  been  shifted  until  the 
reading  of  the  detector  is  a  minimum.  If  lu  /t>  and  /d  are  the 
currents  flowing  in  the  resistances  Ru  Rt  and  jRd  respectively^ 

whence 

T       —     -^ 


Rp 


/i-V/,  +/„    »  V  — ^^_  +  — 
The  angle  between  I\  and  /s,  or  between  IiRi  and  /liisv  is 

« - «-'  (f;) 

Now 

El  =  >//,»  Ui*  +  It*  Rt*  +  2IiRiItR,ooB9 

and  for  true  ratio  of  voltages 

£i  ^  V  /,«  j;,»"+  /^1?«»  +2  iTRTlTRt  cos  g 

Substituting   and  simplifying, 


£2  ~  ^       £,«     ~^\     Rt     )  ^  VfiTRir/        (^) 

Equating  to  — ^-^ — -  and  solving  for  22©, 

^■^  -    R,  +  i?,  («) 

That  is,  if  the  resistance  of  the  detector  is  adjusted  to  the 
value  obtained  from  equation  (2),  the  reading  obtained  from 
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Ri  and  Rt  will  accurately  represent  the  ratio  of  voltages  without 
■  correction  for  phase  angle,  the  errors  in  ratio  due  directly  to  phase 
angle  and  those  due  to  the  detector  current  offsetting  one 
another.  When  R\  is  large  compared  with  Ri,  this  formula 
becomes  approximately 

Rd  =  Ri 

For  instance,  in  testing  a  transformer  rated  2200  :  110  volts, 
the  values  of  resistance  used  were  -Ri  =  19,000  ohms  and  R^  = 
1000  ohms. 

Ru  =    D^V^i-   =  950  ohms. 

If  -Rd  is  kept  at  1000  ohms,  the  error  in  ratio  determination  is 
negb'gible,  amounting  to  0.0006  per  cent  for  7  =  1  deg.,  0.0016 
per  cent  for  7  =  2  deg.,  and  0.006  per  cent  for  7  =  4  deg. 

The  maximum  limits  to  which  the  error  may  reach  are  shown 
as  follows:  If  a  is  the  angle  between  £2  and  I2  -R2,  equation  (1) 
may  be  rewritten 


E 
~E 


R1  +  R2 

cos 


»V'+(f-)'(sr+ «;)■'"■« 


Rt 

If  4>  is  the  angle  between  £1  and  I2  -R2,  equalling  7  —  a, 

I2  Ri  +  /i  Ri  cos  d 


cos  4>  = 


El 


Since  cos  fl  =  -=^  and  1 2  Rt  =  £2  cos  a, 


£2  cos  a  +  £2  cos  a      ^ 


"^^  *   =    R.  +  R. 


R'. 


^— <''^'  +  (^f)*(R,+J-"'« 


cos  «p  = 


^'+(i:)'(«,+i!.)''-'«     (») 
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whence 

£i^  _  Ri  +  Rt  y  COS  a 

Et  "       Rt       '^   COS0  (*) 

Now  since  7  =  a  +  0, 

cos  a  varies  from  1  to  cos  7,  while 
cos  0  varies  from  cos  7  to  1 ; 

at  the  same  time  Rt/Ru  varies  from  0  to  infinity. . 
Hence  the  correction  factor  to  be  applied  to  the  ratio  of  resist- 
ances varies  tdth  changes  of  Rt,  from  cos  7  as  one  limit  through 
unity  to  1/cos  7  as  the  other.  It  will  evidently  be  equal  to  unity 
(no  correction  necessary)  when  a  =  ^  »=  7/2.  In  this  case,  from 
equation    (3) 


cos  a  =  cos  <f> 


1 


^^H^n-i^)'^' 


which,  solved  for  Ru,  gives 


/vn  ^ 


RiR 


t 


Ri  +  Ri 


which  is  equation  (2)  again.  That  is,  the  same  value  of  Ru  which 
gives  a  correct  ratio  reading,  gives  also  a  phase  angle  obtainable 
from  the  minimum  reading  of  the  detector  by  the  formula 


a  =  sin-«(^) 


which  is  one-half  of  the  actual  phase  angle  7. 

This  method  of  obtaining  phase  angle,  however,  falls  intoserious 
error  if  the  resistance  Rd  varies  more  than  a  few  per  cent  from 
the  theoretical  value,  and  correction  is  too  complicated  -  for 
practical  use.  Other  methods  which  do  not  involve  these  errors 
(as,  for  instance,  the  use  of  two  dynamometers  whose  fields 
have  a  common  excitation  adjustable  in  phase)  are  much  to  be 
preferred.  If  the  excitation  of  the  dynamometer  is  in  phase  with 
El  or  with  /i,  the  equations  are  more  complicated,  but  the  general 
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order  of  the  errors  is  similar  to  the  above.    If  the  excitation  is 
in  phase  with  £2,  the  equation  for  ratio  takes  the  form 


El  R2 


X 


1 


cos  a  cos  <f> 


['+G,f-iiXt)^ '■"'«]  <" 


X     1  + 


As  the  two  factors  indicating  the  error  both  have  an  effect  in  the 
same  direction,  there  is  no  single  value  of  Ru  at  which  the  ratio 
error  is  totally  eliminated. 


If  i?D    = 


Ri  R2 
Ri  +'R2 


,  equation  (5)  becomes 


Ei 


Ri  +  Ri_x  ?^+  ^'"* " 


Ri 


cos  a  cos  <t> 


li  a  =  <l>,  which  would  be  very  nearly  true  with  this  value  of 


Rd, 


El 
Et 


Ri  +  Ri^l  +_sin*  a 


R'. 


1  —  sin*  a 


This  equation  gives  the  following  values: 


r 

1  deg. 

2  deg. 

3  deg. 

Correction  factor  Per  cent  error 


30  min. 

1  deg. 

1  deg.  30  min- 


1.00008 
1.00061 
1.00137 


0.008 
0.061 
0.137 


It  is  evident  that  a  satisfactory  accuracy  can  be  attained  with 
about  2  deg.  phase  angle.  These  results  change  but  slightly  for 
moderate  changes  of  Rd^ 

Summary 

Ratio  of  voltages  may  be  taken  by  the  balance  method  with 
entire  accuracy,  if  the  detector  is  either  self-excited  or  excited 
in  phase  with  A,  by  keeping 


Ru  = 


R\  Ri 
Ri  +  Ri  ' 
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If  this  value  is  even  approximately  maintained,  errors  are 
negligible. 

With  excitation  in  phase  with  Ei  or  lu  the  errors  are  of  a 
similar  order  of  magnitude,  but  the  equations  involved  are  much 
more  complicated,  and  the  exact  errors  are  much  more  difficult 
to  determine. 

With  excitation  in  phase  with  £2,  the  errors  are  never  reduced 
to  zero;  but  where  the  phase  angle  7  is  2  deg.  or  less,  the  error 
in  ratio  is  only  about  0.06  per  cent  if  itp  is  kept  equal  to  or 
greater  than  the  value  in  the  above  formula.  This  amount  is 
negligible  for  ordinary  purposes. 

For  phase  angle,  with  any  of  the  above  connections,  a  result 
may  be  obtained  by  keeping  Rj^  equal  to  the  value  given  above, 
and  doubling  the  angle  obtained  by  direct  calculation.  It  is, 
however,  subject  to  considerable  error  if  i?D  varies,  and  cor- 
rection is  impracticable ;  therefore  it  is  better  to  use  some  method 
which  does  not  involve  these  errors,  as  for  instance,  the  two- 
dynamometer  method. 

It  should  be  noted  that  the  above  results  are  calculated  for 
sine  wave  voltage.  With  a  distorted  voltage  wave,  or  with 
slightly  differing  waves,  harmonic  currents  flow  in  the  detector 
which  greatly  complicate  the  theory.  The  actual  additional 
errors  caused  by  this  are  in  general  negligible  for  practical  work. 
Where  inductive  devices  are  used  to  balance  the  voltage  in  the 
detector  circuit,  they  do  not,  on  account  of  wave  form,  wholly 
prevent  the  flow  of  current,  and  consequently  only  diminish, 
without  entirely  avoiding,  the  errors  described  above.  The  fur- 
ther discussion  of  these  methods  is  not  properly  a  part  of  this 
paper. 


A  pap£r  presented  at  the  29th  Annual  Co*' 
wenticn  of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28.  1912. 


Copyright.  1912.    By  A.  I.  E.  E. 


THE    TESTING    OF    INSTRUMENT    TRANSFORMERS 


BY  P.  G.  AGNEW  AND  P.  B.  SILSBEE 


The  determination  of  the  ratio  and  phase  angle  of  instrument 
transformers  has  now  become  a  very  important  part  of  the  work 
of  electrical  testing  laboratories.  The  method  now  almost  uni- 
versally used  in  accurate  work  depends  upon  the  potentiometer 
principle.  Various  modifications  of  this  method  have  been 
suggested  and  used*.  A  modification  of  the  method  has  recently 
been  developed  at  the  Bureau  of  Standards  which,  while  in- 
volving no  entirely  new  principles,  possesses  some  distinct  ad- 
vantages over  any  of  these. 


T 


(Tir^c^czxiV)^ 


nAA/t 


0 


Fig    1 


The  connections  for  the  current  transformer  are  shown  in 
Fig.  1.  Current  from  the  source  flows  in  series  through  the 
primary  winding  T  of  the  transformer  under  test  and  through 
a  standard  non-inductive  low -resistance  shunt  Ri.  The  secondary 
current  flows  through  the  normal  load  of  instruments,  through 
the  primary  winding  of  a  variable  mutual  inductance  M  and 
through  a  non-inductive  resistance  -Rj,  a  variable  part  of  which 

*  For  a  resume  of  these  methods  and  a  bibliography,  see  Bulletin^ 
Bureau  of  Standards,  Vol.  VII,  p.  423,  1911,  reprint  No.  164. 
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may  be  included  in  the  galvanometer  circuit.  The  resistances 
Ri  and  Rt  have  values  inversely  proportional  to  the  currents 
flowing  in  them  so  that  the  /  R  drop  is  the  same  in  both.  The 
potential  terminals  are  connected  so  that  these  equal  voltages 
are  in  opposition  and  if  there  were  no  phase  diflFerence  between 
them  no  current  would  flow  through  the  \4bration  galvanometer 
G.  On  account  of  the  phase-displacement  in  the  transformer, 
however,  it  is  necessary  to  introduce  an  e.m.f.  in  quadrature 
with  li  R2.  This  is  done  by  the  mutual  inductance  M.  The 
procedure  is  therefore  to  adjust  successively  Rt  and  M  until 
the  galvanometer  shows  no  current.  It  can  then  be  easily  shown 
that  the  ratio  of  the  ciurents  is 


If         Ri 


1 
cosfl 


a 


R,  L         ?,  Ri 


Fig.  2 


and  the  phase  angle  is 


0  =  tan  fl 


P  M      .. 
-:     radians 


P  M 

3438  V-  n^^Ti. 

K2 


In  most  transformers  the  factor         ^  differs  from  unity  by 

cos  fl  -^     -^ 

less  than  one  part  in  2000,  and  hence  for  most  engineering  work 
it  may  be  omitted.  It  may  be  necessary,  however,  to  correct 
the  phase  angle  for  the  inductance  of  the  shunts. 

The  connections  for  the  potential  transformer  are  somewhat 
analogous  and  are  shown  in  Fig.  2.  A  high  resistance  Ri  is  con- 
nected in  series  with  a  smaller  resistance  R%  and  a  self-Inductance 
L  across  the  high-voltage  side  of  the  transformer.  The  low-ten- 
sion winding  is  connected  in  a  reversed  sense  to  the  points  a  and 
b  of  this  resistance,  the  galvanometer  G  being  in  series  with  the 
low-voltage  winding.     The  procedure  is  to  adjust  R2  {or  better 
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R\)  and  L  until  a  balance  is  obtained.     It  can  then   be  shown 
that  the  ratio  of  transformation  is 

El      Ri  +  R2  ^     n 

nc^lcct'nj;  tonus  of  higher  order;  and,  assuming  Ri  and  R2  to  be 
non-inductive, 

d  =  tan  d  =  P  L  (^ —  o     I    0  I  radians  = 

\K2      Ki  4-  A2/ 

The  adjustment  for  the  phase  angle  may  be  made  by  a  variable 
self-inductance  in  Ri  or  R2,  or  by  a  mutual  inductance,  or  by 
shunting  a  variable  amount  of  Ri  or  R2  by  a  condenser.  This 
latter  combination  is  sensibly  equivalent  to  a  negative  self-in- 
ductance of  magnitude  C  r*.  In  practise  it  has  been  found  best 
to  use  a  self -inductance  in  series  with  R2,  together  with  a  con- 
denser shunting  a  variable  portion  of  R2. 

With  this  arrangement  the  effective  inductance  of  the  circuit  is 


and  the  resistance  is 


r' 

Rt 

1  +  /.« C  r« 

The  term  p2  C2  ^2  is  practically  always  negligible,  compared  with 
unity,  so  that  L'  =  L  —  C  r^,  and  R2  is  unaflFected  by  the  con- 
denser. The  advantage  of  this  arrangement  is  that  it  is  possible 
without  changing  the  set-up  to  test  a  transformer  in  which  the 
phase  angle  changes  from  leading  to  lagging. 

Considerable  difticulty  was  encountered  in  obtaining  a  suffi- 
ciently sensitive  self-contained  detector  in  the  case  of  the  current 
transformer.  At  first  sight  this  seems  surprising,  since  one 
naturally  associates  instrument  transformers  with  heavy  cur- 
rents and  high  voltages.  The  trouble  arises  from  the  fact  that 
the  entire  performance  of  the  apparatus  depends  on  the  mag- 
netic proi)erties  of  its  iron  core,  and  consequently  it  must  be 
ti^sted  under  exactly  the  conditions  of  use,  and  sensitivity  can- 
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not  be  gained  by  forcing  an  abnormal  amount  of  power  into  the 
circuit  for  a  short  time,  as  is  possible  with  condensers,  etc. 

For  the  current  transformer,  in  order  to  obtain  a  sensitivity  of 
1  in  10,000  at  one-tenth  load,  it  is  necessary  to  use  a  detector 
capable  of  responding  to  about  2  microvolts  a-c.  We  obtain  this 
sensitivity  by  using  a  vibration  galvanometer  of  the  Campbell 
type,  the  moving  system  of  which  was  reconstructed  largely  in 
accordance  with  suggestions  of  Dr.  Wenner.  The  moving  coil 
consists  of  but  4  turns  of  No.  28  wire.  The  total  resistance  is 
0.66  ohm.  The  sensitivity  is  such  that  at  25  cycles  one  microvolt 
gives  a  deflection  of  0.5  mm.  at  a  scale  distance  of  one  meter.  A 
range  of  frequency  between  40  and  80  may  be  obtained  by 
varying  the  length  and  tension  of  the  suspensions.  For  lower 
frequencies  between  40  and  20  cycles  the  moment  of  inertia  is 
increased  by  the  addition  of  a  brass  washer  which  may  be  dropped 
on  a  tiny  cone  at  the  top  of  the  coil,  thus  automatically  centering 
itself. 

The  advantages  of  the  method  are  that  only  a  single  instru- 
ment is  needed  for  all  ranges  of  transformers,  but  one  observer 
is  required,  and  neither  a  polyphase  source  of  voltage,  a  phase- 
shifting  device,  nor  a  rotating  commutator  is  required. 
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Discussion  on  "  Potential  Transformer  Testing  "  (Craig- 
head), AND  "  The  Testing  op  Instrument  Trans- 
formers *'  (Agnew  and  Silsbee),  Boston,  Mass.,  June 
28,  1912. 

Clayton  H.  Sharp:  Regarding  the  last  statement  of  Dr. 
Wenner,  in  his  abstract  of  the  paper  by  Messrs.  Agnew  and 
Silsbee,  I  find  it  rather  surprising,  inasmuch  as  the  identical 
method  for  testing  current  transformers,  with  the  exception  of 
the  vibration  galvanometer  detector,  has  been  in  use  in  our 
laboratory  for  two  or  three  years,  and  a  description  of  it  was 
presented  to  the  convention  of  the  Institute  three"  years  ago,  I 
think,  at  Frontenac.  The  method  is  absolutely  identical  with 
the  one  described  in  the  Transactions  of  the  Institute,  to  which 
I  refer,  and  we  included  a  satisfactory  detector,  so  that  I  do  not 
see  how  in  presenting  a  description  of  this  method  the  statement 
could  be  made  that  no  satisfactory  detector  was  at  hand.  It  was 
indicated  at  that  time. 

James  R,  Craighead :  This  paper  on  the  testing  of  instrument 
transformers  by  Messrs.  Agnew  and  Silsbee  has  brought  forward 
the  vibration  galvanometer  as  a  new  device  for  use  as  a  detector 
of  small  voltages  on  alternating-current  circuits.  A  few  points 
of  comparison  with  the  separately  excited  dynamometer  may 
be  worth  consideration.  First,  in  regard  to  the  matter  of  sensi- 
tivity, we  find  that  Mr.  Agnew's  galvanometer  at  25  cycles 
gives  a  deflection  of  0. 5  mm.  at  a  scale  distance  of  one  meter  for 
one  microvolt,  or  about  1 . 5  microamperes.  The  djmamometer 
which  we  are  using  for  similar  work  requires  about  4  microvolts 
or  0.1  microampere  for  the  same  deflection.  This  sensitivity 
can  be  considerably  increased  by  simple  changes,  but  has  been 
found  sufficient  for  the  purpose. 

Convenience.  The  vibration  galvanometer  must  be  adjusted 
by  a  change  of  the  length  and  tension  of  the  suspension  or  by 
adding  weights  for  each  frequency.  This  would  involve  much 
handling  of  delicate  parts  and  consequent  trouble  if  applied  to 
commercial  testing  where  change  of  frequency  is  made  at  short 
intervals.  Also,  reading  to  a  zero  with  return  in  the  same  direc- 
tion, presents  a  little  more  practical  difficulty  than  reading  a, 
zero  when  the  indicator  passes  through  instead  of  to  the  point. 

On  the  other  hand,  the  separately  excited  djmamometer 
requires  a  phase-shifting  transformer  and  a  polyphase  supply. 
A  shift  of  phase  without  the  polyphase  supply  is  not  difficult 
to  arrange,  but  is  much  less  convenient  and  in  general  less 
accurate  than  the  polyphase  methods  The  samefadjtistment 
of  the  dynamometer  is  correct  for  all  frequencies.  The  reading 
is  through  a  zero  so  that  there  is  never  a  doubt  in  which  direction 
to  change  the  adjustment  in  finding  a  balance. 

The  use  of  condensers  and  reactance  in  connection  with  the 
resistances  of  a  potential  transformer  outfitjinvolves  difficulties 
of   commercial    handling.      Ordinary    condensers   are   unsatis- 
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factory  apparattis  where  permanent  accuracy  is  required. 
Wherever  a  considerable  amount  of  testing  is  to  be  done,  this 
consideration  alone  may  offset  the  advantage  of  using  only  one 
observer  in  phase-angle  tests  on  potential  transformers;  espe- 
cially as  the  time  required  for  adjustment  of  resistance,  reactance 
and  condensers  would  imdoubtedly  diminish  the  actual  gain. 
The  condenser-reactance  combination,  which  does  not  make  a 
satisfactory  phase-shifting  arrangement  even  for  exciting  a 
dynamometer,  is  here  made  a  part  of  the  measurement  circuit. 

In  general,  the  gain  in  using  the  vibration  galvanometer 
appears  to  be  the  elimination  of  the  polyphase  circtdt  and  phase- 
shifting  transformer,  and,  in  comparison  with  some  other 
methods,  of  one  observer.  The  loss  is  in  the  added  complica- 
tion of  the  instrument,  the  probable  increase  of  time  spent  in 
repairs  and  adjustment,  and  the  difficulties  involved  in  shifting 
the  phase  of  the  measiu*ed  voltage  by  capacity  and  reactance. 

Edward  B.  Rosa:  This  discussion  brings  out  pretty  clearly 
that  one  cannot  generalize  and  say  that  a  given  method  is  better 
than  some  other  method,  for  a  series  of  reasons,  without  going 
further  and  specifying  the  circumstances  imder  which  they  are 
to  be  used.  It  may  appear  very  diffictdt  for  one  man,  with 
certain  routine  surroimdings,  to  use,  for  example,  mutual  in- 
ductances and  condensers,  whereas  another  man,  having  them 
at  hand,  may  find  them  much  more  convenient  than  a  polyphase 
source  of  power  and  phase-shifting  devices  or  sometJiing  else. 
The  truth  in  this  case  is,  that  in  one  laboratory  one  method 
has  been  found  to  be  much  more  convenient,  and  in  another 
laboratory  the  other  method  is  much  more  convenient.  The 
writer  of  this  paper,  from  his  standpoint  and  training,  thinks 
this  is  a  very  distinct  improvement  over  previous  practise,  for 
the  reasons  he  specifies;  nevertheless  another  method  may  be 
much  preferred  in  other  surroundings  by  other  experimenters. 

L.  T.  Robinson :  I  would  like  to  endorse  that  view  fully.  The 
advantage  of  such  papers  and  such  discussions  as  this  is  to 
bring  out  these  facts,  and  there  is  everything  to  be  gained  by 
the  one  man  knowing  the  point  of  view  of  the  other  man.  I 
feel  very  sure  that  all  of  us  who  have  been  working  along  the 
line  referred  to,  appreciate  the  fact  that  perhaps  imconsciously, 
but  nevertheless  quite  truly,  we  have  adopted  a  great  many  of 
the  methods  of  other  laboratories  imtil  there  is  more  similarity 
than  there  was,  at  least  in  the  test  methods  that  are  used.  I 
know  at  the  Frontenac  meeting,  three  years  ago,  I  had  some  very 
definite  ideas  myself  on  the  subject,  but  they  have  become  some- 
what modified,  although  we  hold  to  substantially  the  same 
practise  as  was  described  then. 

Clayton  H.  Sharp:  I  want  to  say  a  word  or  two  about  the 
advantages  and  convenience  of  a  synchronous  reversing  key  or 
rectifier  in  measurements,  not  only  of  current  and  voltage  trans- 
formers, but  in  some  other  alternating-current  measurements 
as    well.      With    the     synchronous     reversing    key    you     can 
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use  the  direct-current  galvanometer,  you  can  use  as  sensi- 
tive a  galvanometer  as  you  want,  although  beyond  a  certain 
point  other  troubles  come  in  which  will  prevent  the  use  of 
the  highest  sensitivity. 

This  detector  in  transformer  testing  has  the  additional 
advantage  that  it  is  selective  of  the  resistance  and  the  re- 
active components  in  the  e.m.f .  In  testing  a  transformer  two 
operations  are  gone  through  with:  First,  the  key  is  set  so  that 
it  reverses  in  phase  with  the  resistance  drop  from  one  shimt  to 
the  other.  The  deflection  is  then  brought  to  zero.  The  brush 
holder  is  then  shifted  through  90  deg.,  becoming  in  phase  with 
the  reactive  drop,  and  the  mutual  inductance  is  then  shifted  until 
the  deflection  comes  to  zero.  These  two  adjustments  are  made 
separately  and  not  simultaneously,  and  they  do  not  get  in  each 
other's  way.  The  whole  operation  is  performed  in  a  moment  with 
a  high  degree  of  certainty,  whereas  in  the  vibration  galva- 
nometer you  have  an  instrument  which  does  not  differentiate  and 
a  double  adjustment  is  necessary.  With  practise,  however,  it 
may  become  easy,  but  there  is  still  an  advantage  in  the  use  of 
the  other  system.  The  synchronous  reversing  key  can  be  readily 
used  in  measurements  of  inductance  or  capacity  by  the  ordinary 
bridge  methods,  and  it  has  the  same  advantages,  that  you  can 
separate  the  resistance  drop  from  the  reactive  drop.  It  has 
worked  out  as  a  very  convenient  and  very  sensitive  and  good 
instrument  in  alternating-current  laboratory  work. 

L.  T.  Robinson:  I  think  Dr.  Sharp's  remarks  bring  out  Dr. 
Rosa's  point  to  the  fullest  value.  I  started  first  with  the  revers- 
ing commutator  and  direct-current  galvanometer,  and  it  did 
not  suit  me  very  well.  We  then  took  up  the  separately  excited 
dynamometer.  On  the  contrary,  Dr.  Sharp  got  a  reversing 
commutator  that  went  a  little  better  than  ours  went,  and  it  has 
remained  his  method.  The  Bureau  of  Standards  has  foimd  the 
vibration  galvanometer  useful.  I  have  never  tried  one.  We 
bought  some,  and  put  them  up  in  the  cases,  and  they  are  there 
yet,  but  we  never  have  had  time  to  test  them  out  and  see  what 
they  would  do.  Therefore,  it  is  only  fair  to  say  that  ideas  along 
these  lines  should  be  tempered  with  the  influence  of  surrounding 
circumstances  properly  considered. 

Frederick  Bedell :  A  word  on  the  question  of  the  synchronous 
commutator  and  the  non -synchronous  commutator — as  Dr. 
Sharp  has  pointed  out,  with  the  synchronous  commutator 
various  adjustments  are  made  which  have  certain  points  of 
advantage  in  manipulation  and  which  make  it  possible  to  deter- 
mine the  phase  angle  as  well  as  the  amplitude  of  the  quantity 
measured.  If  the  commutator  is  driven  by  a  motor  that  is  just 
off  from  synchronism,  none  of  these  adjustments  are  necessary, 
and  one's  attention  is  free  from  other  things  in  connection  with 
the  test.  The  galvanometer  will  then  have  beats  and  the  deflec- 
tion will  rise  to  a  maximum  and  fall;  the  deflection  may  be 
reduced  to  a  minimum  or  to  zero,  thus  giving  a  very  sensitive 
zero  instrument. 
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Edward  B.  Rosa :  I  would  like  to  say  something  in  defense  of, 
or  rather  in  justification  of  the  vibration  galvanometer.  We 
have  used  the  synchronous  commutator  with  a  direct -current 
galvanometer  at  the  Bureau  of  Standards.  Years  ago  we  under- 
took to  make  refined  measurements  of  certain  kinds  \vith  that 
combination,  but  while  the  sensitivity  is  high  the  sources  of  error, 
we  foimd,  were  serious,  the  commutator  being  a  serious  dis- 
turbance. We  have  had  most  satisfactory  results  with  the 
vibration  galvanometers,  and  it  is  for  that  reason  that  we  are 
using  them  in  several  of  oiu*  laboratories.  The  fact  that  the 
vibration  galvanometer,  attuned  to  the  frequency  of  the  current, 
practically  ignores  the  harmonics,  is  a  very  great  advantage  in 
much  of  the  testing.  The  sensitivity  is  so  small  for  harmonics, 
as  compared  with  that  of  the  fundamental,  that  it  has  a  very 
great  advantage  over  the  other  style  of  instrument;  and  as  to 
being  obliged  to  make  two  adjustments  at  once,  or  not  knowing, 
from  the  fact  that  the  deflection  is  both  sides  of  zero,  which 
kind  of  adjustment  to  make,  I  can  assure  you  a  little  experience 
makes  that  difficulty  seem  very  much  smaller  than  it  appears  at 
first  sight. 

We  have  used  the  vibration  galvanometer,  now,  for  ten  years, 
and  have  a  good  many  of  them  of  different  types  in  service,  using 
them  for  very  many  purposes;  we  have  also  used  the  other 
styles  of  indicating  instruments,  so  that  we  can  speak  from 
experience  with  both  instruments. 

W.  W.  Crawford:  In  regard  to  Mr.  Agnew's  paper  on  the 
testing  of  instrument  transformers,  I  noted  that  Mr.  Agnew 
states  that  he  considers  the  method  of  connection  which  he  has 
used,  that  is,  introducing  a  resistance  in  the  secondary  circuit 
of  the  current  transformer,  with  a  mutual  inductance  for  balanc- 
ing phase  displacement,  is  the  best  method  that  can  be  used. 
I  believe  I  can  verify  that  statement  from  practical  sources, 
because  we  used  the  method  some  time  back  and  we  found  it 
very  satisfactory.  We  did  not  use  the  vibration  galvanometers 
in  connection  with  it,  but  we  used,  as  I  presume  Dr.  Sharp  has 
already  pointed  out,  a  synchronous  rectifier,  which  did  not 
consist  of  a  commutator  with  sliding  contacts,  which  always 
give  trouble.  We  used  a  rectifier  consisting  of  a  vibrating  tongue, 
driven  by  a  synchronous  motor  and  a  cam.  The  vibrating 
tongue  carried  platinum  contacts  which  reversed  the  connections. 
The  contact  resistances  were  negligible  so  we  were  able  to  obtain 
the  full  sensitiveness  of  the  direct-current  galvanometer  for 
altemating-ciurent  measurements.  We  were  able  to  get  the 
limits  of  sensitiveness  which  Mr.  Agnew  mentions  with  a 
synchronous  motor  of  the  type  developed  by  Mr.  Robinson, 
which  could  be  carried  in  one  coat  pocket,  and  a  portable  gal- 
vanometer of  the  type  made  by  R.  W.  Paul,  of  London,  which 
could  be  carried  in  the  other  pocket.  We  could  get  a  sensitive- 
ness of  one  microampere  per  division,  or  50  microvolts  per 
division,  the  apparatus  being  entirely  portable  and  independent 
of  telescopes,  reflecting  scales,  etc. 
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Frank  Wenner:  In  regard  to  Mr.  Craighead's  statement 
concerning  the  sensitivity  of  the  separately  excited  dynamometer, 
I  need  only  say  that  the  sensitivity  of  the  galvanometer  used  is 
sufficient  for  all  purposes.  If  a  higher  sensitivity  were  needed, 
I  do  not  think  there  would  be  any  difficulty  in  getting  ten  times 
the  sensitivity  indicated.  Dr.  Agnew  simply  stated  he  would 
rather  have  a  galvanometer  of  this  sensitivity  than  one  of  higher 
sensitivity. 

In  regard  to  the  method  Mr.  Craighead  described  as  compared 
with  the  method  that  Dr.  Agnew  is  using,  as  I  understand  the 
situation.  Dr.  Agnew  has  used,  for  a  period  of  four  years,  the 
identical  method  which  Mr.  Craighead  has  described,  and  I 
believe  he  considers  the  method  he  is  now  using  as  a  decided 
improvement  upon   the  former  method. 

In  regard  to  Dr.  Sharp's  reference  to  the  synchronous  rectifier, 
Dr.  Rosa  has  already  pointed  out  some  of  the  difiictdties  in 
regard  to  that.  At  the  present  time  we  have  in  the  Biireau  a 
s>Tichronous  rectifier,  and  have  for  sometime  been  trying  to 
make  it  operate  satisfactorily.  Dr.  Burrows,  who  is  working 
on  that  subject,  has  had  difficulties,  so  has  called  upon  the  rest 
of  us  for  suggestions.  The  various  suggestions  have  been  tried 
out,  and  at  one  time  he  made  a  visit  to  Dr.  Sharp's  laboratory 
to  see  if  he  could  not  get  some  more  valuable  suggestions  there, 
but  still  the  synchronous  rectifier  does  not  work  satisfactorily. 

P.  G.  Agnew  and  F.  B.  Silsbee :  The  discussion  seems  to  have 
centered  about  the  use  of  the  vibration  galvanometer  as  a  detector 
and  the  question  of  what  constitutes  the  most  satisfactory  detec- 
tor. As  has  been  very  clearly  stated  by  Dr.  Rosa  and  Mr. 
Robinson,  the  answer  to  this  question  depends  both  upon  the 
equipment  and  traditions  of  the  laboratory  and  upon  the  train- 
ing and  experience  of  the  observers.  Certainly,  Dr.  Wenner  did 
not  intend  to  imply  that  the  arrangement  used  by  Dr.  Sharp  and 
Mr.  Crawford  of  a  mutual  inductance  with  a  rotating  com- 
mutator and  d-c.  galvanometer  as  detector  was  an  unsatisfac- 
tory one.  Probal)ly  no  one  would  claim  that  any  of  the  detecting 
devices  which  have  been  used  in  the  work  is  ideal,  whether  he  is 
using  a  rotating  commutator,  a  dynamometer,  a  vibration  gal- 
vanometer, or,  as  has  been  used  at  the  Physikalisch-Technische 
Reichsanstalt,  an  electrostatic  instrument.  Most  of  the  instru- 
ment transformer  testing  at  the  Bureau  of  Standards  during  the 
last  four  years  has  been  done  by  a  dynamometer  method  very 
similar  to  that  used  by  Mr.  Craighead.  However,  it  was  always 
felt  that  a  self-contained  detector  would  be  decidedly  preferable^ 
Both  ratio  and  phase  angle  are  determined  by  a  single  balance, 
and  the  accuracy  does  not  depend  upon  any  subsidiary  or  external 
adjustment,  and  no  quadrature  current  is  drawn  from  the  net- 
work. This  surely  minimizes  the  chances  of  error.  The  con- 
densers or  inductances  are  used  to  shift  the  phase  only  by  the 
small  angle  of  the  transformer,  and  the  acciuracy  and  permanency 
of  such  devices  is  far  greater  than  that  required  by  the  precision 
which  is  desirable  in  phase  angle  measurements. 
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A  point  which  has  been  entirely  overlooked  in  the  discussion 
is  that  the  volt  sensitivity  is  the  essential  consideration  in  current 
transformer  work,  while  the  cxurent  sensitivity  is  practically 
immaterial.  In  the  case  of  potential  transformers  the  reverse 
is  true,  but  there  is  no  difficulty  in  obtaining  the  requisite 
current  sensitivity.  Practically  any  commercial  vibration  gal- 
vanometer is  sufficiently  sensitive.  In  fact  too  sensitive  a  detec- 
tor is  imdesirable,  as  it  is  likely  to  allow  errors  to  enter  from  ex- 
traneous sources.  The  galvanometer  described  was  designed  to 
give  a  high  volt-sensitivity  and  a  low  current-sensitivity. 

It  should  be  noted  in  this  connection  that  a  vibration  galvano- 
meter is  analogous  to  a  motor  and  the  volt  sensitivity  cannot  be 
obtained  directly  by  multiplying  the  current  sensitivity  by 
the  resistance,  but  accotmt  must  be  taken  of  the  back  e.m.f., 
as  is  pointed  out  by  Dr.  Wenner  in  a  paper  presented  at  this  con- 
vention. He  cites  a  case  in  which  the  back  e.m.f.  was  approxi- 
mately 40  times  the  /  R  drop.  Our  galvanometer  was  designed 
to  give  a  back  e.m.f.  approximately  equal  to  the  /  R  drop,  or  a 
current  sensitivity  twice  the  value  computed  by  Mr.  Craighead. 


A  paper  presented  at  the  29th  Annual  Con- 
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Engineers,  Boston,  Mass.,  June  28,  1912. 
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OPERATING  CHARACTERISTICS  OF  LARGE  TURBO- 
GENERATORS 


BY  A.   B.   FIELD 


The  requirements  of  the  station  engineer,  with  regard  to  the 
operating  characteristics  of  large  alternators,  have  materially 
changed  during  the  last  few  years,  concurrently  with  the  rapid  in- 
crease of  size,  measiu^ed  in  kw.,  of  the  individual  power  houses 
and  of  the  individual  generating  units.  Some  characteristics 
which  ten  years  ago  were  striven  for,  are  now  avoided  and  con- 
sidered actually  detrimental. 

It  is  proposed  here  to  consider  briefly  the  trend  of  modem 
practise  in  respect  of  some  of  these  requirements. 

The  condition  referred  to  is  not  merely  the  result  of  increas- 
ing size  of  imits,  and  of  groups  of  units,  but  has  been  effected, 
for  instance,  by  the  radical  change  in  speed  for  a  given  output,  by 
changed  methods  of  operation,  etc.  It  was  not  many  years  ago 
that  the  largest  rating  of  turbo-generators  offered  for  a  speed  of 
3600  rev.  per  min.,  was  500  kw.,  and  even  that  was  apt  to  be  a 
troublesome  machine  on  account  of  a  design  ill  adapted  to  the 
speed. 

At  the  present  time  there  are  thoroughly  satisfactory  genera- 
tors in  operation  in  this  country  having  a  continuous  rating  of 
5000  kv-a.  at  3600  rev.  per  min.,  and  in  Europe  4000  kv-a.  at 
3000  rev.  per  min.  Eight  years  ago  750  rev.  per  min.  was  a  high 
speed  for  7500-kw.,  four-pole  generators.  At  the  present  date 
six-pole  turbo-alternators  of  over  20,000  kw.  at  1000  rev.  per  min. 
in  a  single  unit,  have  been  constructed  in  Europe;  and  in  this 
country  two-pole  generators  for  the  same  output  at  50  per  cent 
higher  speed  are  under  construction,  and  four-pole  machines  for 
19,000  kv-a.  output  at  87  per  cent  higher  speed,  or  1875  rev.  per 
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min.  From  an  electrical  point  of  view,  these  high  speeds  are 
not  economically  desirable  for  these  ratings,  but  the  advantages 
to  be  gained  when  considering  the  set  as  a  whole — turbine  and 
generator — ^warrant  their  adoption,  particulariy  as  they  entail 
no  smaller  factors  of  safety  than  have  been  tolerated  in  the 
smaller  machines  in  the  past.  The  size  of  the  unit  has  been  con- 
tinually pushed  further,  and  if  there  should  be  a  sufficient  call 
from  the  steam  turbine  builder  and  the  operator,  for  a  speed  of 
1500  rev.  per  min.  for  still  larger  sets  there  is  little  doubt  but  that 
30,000- or  35,000-kv-a.  units  for  high  power  factor  operation  may 
later  be  built  of  the  two-pole  type,  though  possibly  we  may  then 
no  longer  depend  for  cooling  upon  the  methods  at  present  in 
use. 

In  a  recent  paper  before  this  Institute,  Mr.  Samuel  Insull  ad- 
vocated the  concentration  of  power  generation  for  public  services 
in  each  district,  and  pointed  out  that  in  Greater  New  York  there 
was  abready  a  total  developed  load  of  600.000  to  700,000  kw. 
Without  discussing  Mr.  Insull's  arguments,  we  may  note  that 
the  company  of  which  he  is  the  president  committed  itself 
more  than  a  year  ago  to  a  240,000-kw.  station  in  Chicago,  in 
addition  to  its  two  large  stations  at  Fisk  and  Quarry  Streets. 
Again,  should  the  near  future  see  any  developments  in  Europe 
along  the  directions  hinted  at  recently  by  Sir  William  Ramsay, 
with  regard  to  the  production  of  power  from  coal  at  the  pit 
mouth,  and  turbine  units  be  used,  the  size  of  these  units  would 
necessarily  be  much  larger  than  any  hitherto  constructed.  In 
fact,  we  mu  t  recognize  that  we  have  not  yet  reached  the  era  of 
the  ''  large  '*  generator,  though  we  cannot  say,  with  quite  the 
same  assurance,  that  the  high  speed,  relatively  to  output,  at 
present  in  evidence,  is  to  be  similarly  progressive. 

In  the  early  days  of  alternating -ciirrent  station  practi  e,  alter- 
nators were  sometimes  specified  "  to  be  capable  of  running  five 
minutes  on  a  dead  short  circuit  with  normal  excitation  without 
injury,*'  and  when  close  regulation  was  not  also  called  for,  this 
clause  was  generally  agreed  to  by  the  manufacturers.  Com- 
paratively little  attention  was  paid  to  the  way  in  which  the  short 
circuit  was  introduced,  and  such  a  requirement  would  have 
been  considered  to  be  met  by  short-circuiting  the  generator 
and  then  bringing  up  the  excitation  to  normal  value;  in  fact  in 
the  case  of  the  type  of  generator  involved,  viz.,  slow  speed, 
small  rating,  with  many  poles,  the  instantaneous  current  on 
short-circuiting  would  not  be  many  times  the  sustained  short  - 
circuit  current. 


19121  FIELD:  TURBO-GENERATORS  1647 

Conditions  are  very  different,  however,  with  the  machines 
built  now,  and  operating  engineers  are  frequently  wisely  speci- 
fying that  the  machines  they  buy  are  to  be  capable  of  being 
short-circuited  suddenly,  when  running  at  full  speed  fully 
excited,  without  any  mechanical  or  electrical  injury  resulting. 
They  are  aware  that  under  such  conditions  the  current  flowing 
through  the  stator  winding  may  be  very  many  times  the  final 
steady  value  obtaining  a  minute  or  two  after  short-circuiting. 
This  requirement  is  by  no  means  an  easy  one  to  meet  sometimes, 
and  necessitates  details  of  construction  which  are  somewhat 
costly  and  have  some  other  disadvantages  as  well.  However, 
it  is  recognized  by  some  of  the  manufacturing  companies  that 
the  operator  has  a  good  case,  and  that  even  if,  in  an  up-to-date 
station,  the  arrangements  should  be  such  that  an  involimtary 
test  of  this  nature  is  rare,  yet  the  ability  of  the  generator  to 
stand  such  a  test  is  a  good  guarantee  that  the  machine  will  meet 
a  number  of  other  conditions  occurring  in  practise  which  cannot 
be  covered  in  detail  in  a  piu'chasing  specification. 

The  amount  of  instantaneous  short-circuit  current  is  of  interest 
to  the  operating  engineer  from  two  points  of  view;  viz.,  the  effect 
upon  his  generator  and  that  upon  his  circuit-opening  devices. 
Both  aspects  have  been  simultaneously  studied  carefully  by  the 
manufacturers,  so  that  now,  while  the  cturent  to  be  dealt  with 
has  been  kept  within  moderate  limits,  and  generator  construc- 
tions have  been  developed  which  are  amply  able  to  stand  the 
strains,  at  the  same  time  switch  gear  is  available  which  will  meet 
the  needs  at  present  in  sight. 

It  is  of  interest  to  consider  the  features  which  influence  the 
amount  of  the  instantaneous  short-circuit  cxurent,  the  way  in 
which  this  depends  upon  size,  speed,  frequency  and  regulation, 
and  to  do  so  we  must  picture  in  a  general  way  the  process  by 
which  it  is  produced.  These  have  been  well  recognized  for 
some  years,  but  to  facilitate  the  argument  they  are  briefly 
described  below. 

Consider  a  generator  running  on  no-load  at  normal  voltage, 
on  which  a  short  circuit  is  developed  between  two  terminals  B  C 
at  the  instant  when  the  voltage  B  C  is  zero.  At  this  moment, 
the  windings  of  the  short-circuited  phase  are  inclosing  their 
maximum  rotor  flux.  If  this  flux  were  to  be  abstracted  by  the 
motion  of  the  rotor  and  no  self -inductive  or  other  flux  substi- 
tuted, the  current  would  mount  up  to  a  value  of  say  300  times  that 
corresponding  to  the  rated    cmrent  (assuming  a  full-load  I*R 
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loss  of  0.3  per  cent).  Actually,  the  current  will  rise  at  a  rate  to 
produce  by  self -inductive  flux  a  voltage  nearly  corresponding 
to  the  phase  voltage,  and  this  self -inductive  flux  must  to  a  large 
extent  find  a  path  clear  of  the  rotor,  as  the  rotor  winding  and 
solid  metal  form  closed  circuits  hindering  any  rapid  changes  of 
enclosed  flux.  This  stray  flux,  and  the  current  producing  it,  will 
increase  steadily  in  value  until  the  rotor  pole  has  abstracted  its 
flux,  and  as  the  next  pole  comes  fon\'ard  with  its  flux, 
which  similarly  cannot  be  instantly  quenched  and  must,  there- 
fore be  largely  deflected,  the  short-circuit  current  will  still  further 
increase  to  produce  a  stator  leakage  flux  nearly  counteracting, 
as  far  as  the  stator  winding  is  concerned,  the  addition  of  this 
reversed  rotor  flux.  This  case — short-circuiting  at  the  zero 
point  of  the  voltage  wave — gives  the  worst  condition  as  regards 
magnitude  of  the  stator  current,  and  gives  a  current  wave 
which  for  the  first  few  cycles  is  practically  all  on  one  side  of  the 
zero  line. 

Considering  the  matter  in  this  general  way  and  leaving  out  re- 
finements, it  is  clear  that  the  maximum  change  of  cxurent  in  a 
half  cycle,  that  is,  the  amount  measiu'ed  from  the  top  of  the  posi- 
tive peak  to  the  bottom  of  the  negative  peak,  will  be  that  current 
which  can  produce  a  leakage  flux  nearly  equal  to  twice  the  pole 
flux,  and  that  this  maximum  change  of  ciurent  will  be  nearly 
independent  of  the  point  on  the  voltage  wave  at  which  the  short 
circuit  takes  place.  But  the  relative  proportions  of  the  current 
wave  that  lie  above  and  below  the  zero  line  depend  upon  this 
feature.  To  be  explicit,  refer  to  a  typical  single-phase  short- 
circuit  oscillogram  as  given  in  Fig.  1.  On  this  we  have  drawn  a 
curve  through  the  crests  of  the  positive  waves  and  similarly 
one  through  the  crests  of  the  negative  waves  and  have  ex- 
tended these  back  to  the  axis  drawn  for  the  instant  of  short 
circuit.  The  two  curves  intercept  on  this  axis  a  length  P  Q  cor- 
responding to  37,000  amperes  in  this  particular  case,  and  our 
statement  is,  that  for  a  given  machine,  short-circuited  under 
given  conditions,  this  intercept  depends  chiefly  upon  the  rotor 
flux  and  but  little  upon  the  particular  point  on  the  voltage 
wave  at  which  the  short  circuit  takes  place;  while,  on  the  other 
hand,  the  proportions  of  this  intercept  above  and  below  the 
zero  line,  viz.  OP^  OQ,  depend  considerably  upon  the  instant  of 
short  circuit.  Hence,  the  approximate  maximum  of  the  short- 
circuit  peak  that  could  occur,  were  the  machine  to  be  short- 
circuited  at  the  least  favorable  point  of  the  voltage  wave  (namely. 
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voltage  zero)  can  be  ascertained  approximately  from  an  oscillo- 
gram taken  at  random,  short-circuiting  the  generator  at  any 
point  on  the  voltage  wave.  This  would  be  represented  by  the 
value  PQ  midtiplied  by  the  decrement  factor  for  a  one-half 
period,  viz.,  by  the  ratio  cd/ab. 

It  must  be  understood  that  this  is  true  only  in  a  general  way, 
the  whole  phenomenon  being  affected  by  varying  magnetic  sat- 
uration of  different  parts  and  by  actual  PR  loss  in  the  paths  of 
the  short-circuit  current  and  eddy  currents  produced. 

This  brings  forward  a  question  upon  which  we  are  in  need  of 
some  conventional  agreement;  this  Institute  might  with  ad- 
vantage formulate  one.  The  "  momentary  short-circuit  ctirrent** 
of  a  generator  is  nowadays  frequently  referred  to,  and  discussed, 
without  a  proper  recognition  of  the  fact  that  this  is  not  a  definite 
quantity,  even  for  definite  values  of  the  load  and  excitation  at 
the  instant  of  short  circuit.  In  the  first  place,  it  will  be  con- 
venient always  to  consider  this  quantity  (as  finally  defined)  in 
terms  of  the  rated  current  of  the  machine,  and  for  the  sake  of 
uniformity  the  "  rated  current  *'  should  be  the  maximum  r.m.s. 
current  which  the  generator  is  rated  to  carry  continuously. 
In  the  next  place,  the  peak  momentary  current  should  not  be 
compared  with  the  r.m.s.  rated  current,  but  rather  the  initial 
peak  value  divided  by  1.414  should  be  thus  compared.  This  is 
consistent  with  corresponding  practise  in  other  lines,  as  for  in- 
stance, when  an  induction  motor  is  si)ecified  to  take  from  the  line 
at  starting  a  momentary  current  not  exceeding,  say,  three  times 
normal  current.  Finally,  what  is  of  real  interest  is  the  most 
probable  ratio  of  initial  short  circuit  to  rated  current,  when  the 
machine  is  short-circuited  at  random  as  regards  the  position  on 
the  voltage  wave.  If  we  wish,  we  can,  in  addition,  very  readily 
have  a  standard  percentage  to  add  to  this,  which  will  tell  us 
approximately  the  highest  possible  momentary  short-circuit 
current  ratio  under  specified  conditions.  This  would  correspond 
to  a  current  which  would  be  approached,  within  a  small  percent- 
age, perhaps  once  in  a  hundred  short  circuits. 

The  most  probable  momentary  short-circuit  current  can  be 
approximately  determined  from  the  value  oiPQ  referred  to  above . 
Having  adopted  a  definition  for  the  momentary  short-circuit 
current,  it  will  be  convenient  to  define  the  **  momentary  short- 
circuit  current  ratio  "  as  the  ratio  between  this  current  and  the 
n(jnnal  current  of  the  machine  for  maximum  continuous  rating. 

From  the  oscillograms  given  in  Figs.  1  to  4,  we  should  say  that 
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the  generator  in  question  gives,  with  half  voltage  excitation  at  no 
load,  a  single-phase  short-circuit  current  having  a  maximum  pos- 
sible peak  value  of  approximately  35,000  amperes,  and  a  prob- 
able maximum  peak  value  of  30,000  amperes.  As  the  rated  cur- 
rent of  this  generator  is  2400  amperes  (r.m.s.)  having  a  peak 
value  of  3400  amperes,  we  say  that  the  probable  momentary 
short-circuit  current  ratio  under  the  conditions  of  excitation 
stated  above  is  approximately  8.8  and  the  greatest  possible 
momentary  short-circuit  current  ratio  under  these  conditions 
is  10.3  approximately. 

It  has  been  stated  above  that  the  stator  leakage  flux  pro- 
duced on  short  circuit  must  be  nearly  all  clear  of  the  rotor  because 
it  cannot  penetrate  suddenly  the  solid  metal  of  the  rotor  and  the 
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closed  field  winding.  This  is  largely  true,  but  some  proportion 
of  the  flux  will  pass  into  the  rotor.  This  is  illustrated  by  the 
oscillograms  already  referred  to.  in  which  it  will  be  noted  that 
the  excitation  current,  after  short  circuit,  rises  in  peaks,  cor- 
responding in  time  to  the  stator  current  peaks,  to  values  several 
times  the  steady  excitation  corresponding  to  the  excitation  volt- 
age and  the  resistance  of  the  circuit.  Fig.  5  is  a  reproduction  of 
part  of  the  oscillogram  of  Fig.  1  with  a  curve  added  to  show  the 
way  in  which  the  flux  enclosed  by  the  rotor  winding  is  slowly, 
quenched  by  the  stator  current.  This  curve  was  deduced  from 
the  excitation  record. 

An  idea  of  the  extent  to  which  the  flux  will  penetrate  the 
rotor  can  be  obtained  by  ine;i,suring  the  imi)edance  of  the  stator 


iO-GENERATORS 


IJurif!! 


with  half  voKage  excitation  at  no 
it  current  having  a  maximum  pos- 
te!y  35,000  amperes,  and  a  prob- 
).000  amperes.  As  the  rated  cur- 
amperes  (r.m.s.)  having  a  peak 
ly  that  the  probable  momentary 
der  the  conditions  of  excitation 
y  8.8  and  the  gmUsl  possible 
nt  ratio  under  these  conditions 

.hat  the  stator  leakage  flux  pro- 
learly  all  clear  of  the  rotor  because 
le  BoJid  metal  of  the  rotor  and  the 


an-elv  true,  but  some  proportion 
This  is  illustrated  by  the 

r„JSit«.n^not^^t 
-"-^a^r^rr^vS 


VOL.  KXXl,  1913 


1912]  FIELD:  TURBO-GENERATORS  1651 

with  the  rotor  at  rest,  ai)plying  an  external  source  of  current. 
Such  experiments,  compared  with  similar  ones  taken  with  the 
rotor  removed,  show  clearly  the  magnetic  obstruction  caused  by 
the  presence  of  the  iron. 

For  instance,  we  may  refer  to  tests  on  the  machine 
which  furnished  the  short-circuit  curves  already  given,  a 
10,000-kv-a.  2400- volt,  three-phase,  60-cyclc,  four-pole  gen- 
erator having  a  solid  steel  rotor  of  cruciform  section,  an  air 
gap  of  J  in.  (22.2  mm.)  each  side,  and  stator  slots  0.86  in.  wide 
(see  Fig.  6  for  the  type  of  stator).  With  the  rotor  removed, 
and  an  external  source  of  OO-cycle  current  applied  to  the  stator 
terminals,  the  impedance  was  found  to  be  such  as  to  give  ap- 
proximately 8.4  times  normal  current  with  full  three-phase 
voltage  applied,  and  7.3  times  normal  current  when  rated  volt- 
age was  applied  across  two  only  of  the  three  terminals,  that  is, 
single-phase.  Similar  tests  made  on  this  machine  with  the 
rotor  in  place  indicated  an  impedance  which  was  not  strictly  in- 
dependent of  the  magnitude  of  the  current  but  which  apparently 
would  give  about  12  times  normal  cturent  with  three-phase  full 
voltage  applied  to  the  stator  and  about  10  J  times  normal  current 
single-phase. 

Comparing  these  tests,  it  will  be  noted  that  when  the  stator 
core  was  apparently  magnetically  short-circuited  by  the  rotor 
with  only  a  J-in.  (22.2  mm.)  air  gap,  the  impedance  of  the 
stator,  instead  of  being  increased,  was  only  70  jxir  cent  of  that 
when  the  iron  was  removed  and  the  stator  flux  found  its  path 
through  the  air.  The  power  absorbed  in  this  impedance  test 
amounted  to  340  kw.  for  rated  current  with  the  rotor  in  place, 
and  less  than  one-sixth  of  this  when  the  rotor  was  removed, 
again  showing  the  effect  of  the  heavy  choking  currents  in  the 
surface  of  the  stationary  rotor  body. 

We  see,  therefore,  that  on  the  occasion  of  the  sudden  short 
circuit  of  such  a  turbo-generator  a  large  air  gap  separating  the 
rotor  from  the  stator  will  be  apt  to  aid  the  restriction  of  the  stator 
current  by  increasing  the  available  sj)ace  for  the  stator  and  rotor 
leakage  flux,  and  thus,  contrary  to  the  generally  accepted  idea, 
changes  of  pro[)ortions  which  improve  the  regulation  of  the  gener- 
ator do  not  of  necessity  in  every  case  cause  an  increase  in  the 
m<  >ment:irv  sIk  »rt  circuit  current..  I  lowcver,  as  i>ointed  out  later, 
it  is  ill  geiKTiil  uecc-ssary  to  .'i(l<)j)t  ])0()r  regulation  in  order  to 
nstrii'l  to  a  n-asouable  degree  tlie  momentary  si lort- circuit 
current,  and  to  obtain  other  advantages. 
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From  such  general  considerations  as  the  above,  the  truth  of 
the  following  statements  will  be  apparent. 

1.  The  momentary  short-circuit  current  ratio  is  not  directly 
affected  by  the  frequency  to  any  very  large  extent,  if  we  consider 
for  instance  a  60-cycle  tiu-bo-generator  operating  at  different 
frequencies,  except  by  reason  of  the  smaller  penetration  of  the 
stator  leakage  flux  into  the  rotor  body  at  higher  frequencies. 
However,  comparing  a  25-cycle  design  with  a  60-cycle  one,  the 
changed  proportions  of  design,  such  as  the  greater  pole  pitch, 
etc.,  involve  a  greater  momentary  short-circuit  current  ratio 
with  the  25-cycle  design. 

2.  For  the  same  general  features  of  design,  a  two-pole  gen- 
erator has  a  larger  momentary  short-circuit  current  ratio  than 
a  corresponding  four-pole  machine.  However,  the  difference 
in  this  respect  between  the  two-  and  four-pole  machines  is  not 
greater  than  can  occur  between,  say,  two  foiu"-pole  machines  of 
considerably  different  design. 

3.  Using  a  given  frame  for  a  definite  rating,  the  momentary 
short-circuit  current  ratio  is  nearly  proportional  to  the  square 
of  the  flux  per  pole,  i.e.,  if  the  number  of  stator  conductors  be 
increased  10  per  cent  for  a  given  terminal  voltage,  the  momen- 
tary short-circuit  ciurent  ratio  is  reduced  20  per  cent;  at  the 
same  time  the  figure  representing  the  full-load  regulation  at 
unity  power  factor  is  increased  by  an  amount  depending  upon 
conditions,  which  may  be  as  much  as  50  per  cent. 

4.  The  manner  in  which  the  momentary  short-circuit  current 
ratio  increases  with  the  rating  can  not  be  stated  definitely; 
it  is  complicated  by  a  number  of  features  which  influence  the 
magnetic  proportions  of  the  design. 

It  has  been  pointed  out  that  by  increasing  the  nvmiber  of  stator 
conductors  for  a  given  rating,  the  instantaneous  short-circuit 
current  is  reduced ;  it  might  at  first  be  supposed  that  on  accotmt 
of  the  increased  number  of  conductors  in  a  group,  the  mechanical 
forces  on  the  end  connections  would  nevertheless  be  increased. 
However,  a  little  consideration  will  show  that  this  is  not  so,  and 
that  the  forces  are  decreased  by  nearly  twice  the  i>ercentage  that 
the  number  of  conductors  is  increased. 

The  method  of  supporting  the  end  connections  which  is 
seen  in  Fig.  6  allows  of  effective  clamping  and  incidentally  pro- 
vides a  large  space  for  leakage  flux,  wliile  the  field  around  the 
individual  conductors  is  not  excessive;  thus  the  mechanical 
forces  arc  minimized.     The  stator  shown  in  this  figure  was  re- 
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peatedly  short-circuited  at  fiill  voltage,  both  on  one  phase  and 
across  all  terminals,  without  any  signs  of  distortion  of  the 
winding. 

A  characteristic  upon  which  great  stress  used  to  be  laid,  is 
close  inherent  regulation  of  the  generator.  It  is  not  hard  to 
see  the  reasons  for  abandoning  this  quality  in  the  present-day 
purchasing  specifications  for  large  turbo-generators.  In  the 
first  place,  the  price  to  be  paid  for  it  in  efficiency,  in  heavy  short- 
circuit  currents,  in  inferior  mechanical  proportions,  and  in 
actual  dollars  of  cost  price,  was  altogether  disproportionate  to 
the  supposed  advantages.  In  the  second  place  the  advantages — 
for  large  units  at  any  rate — are  found  to  be  of  a  more  the- 
oretical than  practical  nature.  With  regard  to  the  cost:  In 
a  turbo-generator  of  say  10,000-kv-a.  rating  (max.)  the  friction 
and  windage  plus  core  loss  amount  to  several  times  the  I^R 
loss  plus  excitation,  the  ratio  depending  upon  speed  and  design, 
but  varying  from  perhaps  3  to  7.  Hence  the  point  of  maximum 
efficiency  is  always  much  outside  the  rating  range,  and  any 
increase  in  variable  losses  with  a  reduction  of  fixed  losses  causes 
an  increase  in  efficiency  at  the  operating  point.  The  place  where 
limitations  are  most  severely  felt  in  a  large  turbo-generator 
is  the  rotor,  and  therefore,  to  obtain  close  regulation  in  sujh 
a  machine,  the  flux  is  of  necessity  run  up  higher  thaii  it  would 
be  without  this  requirement,  hence  an  impaired  efficiency. 
The  increased  flux  involves  a  momentary  short-circuit  current 
ratio,  and  mechanical  forces  on  end  connections  augmented  by 
twice  the  percentage  by  which  it  is  itself  increased.  The  rotor 
limitations  preclude  the  possibility  of  obtaining  the  close  reg- 
ulation with  the  low  flux,  by  means  of  simply  an  increased  air  gap. 
In  several  existing  installations  the  consideration  of  short-circuit 
current  alone  has  necessitated  deliberately  spoiling  the  regulation 
of  the  generators  by  inserting  external  reactance,  a  procedure 
which  not  only  does  not  take  advantage  of  the  improvement 
of  efficiency  possible  with  a  reduced  flux  but  introduces  some, 
even  if  small,  extraneous  losses. 

In  the  case  of  large  units  the  difference  between  close 
regulation  and  poor,  will  frequently  represent  the  practicability 
or  otherwise  of  a  two-pole  as  compared  with  a  foiu'-pole  design, 
or  four-pole  versus  six-pole.  This  incidentally  represents  an 
even  greater  effect  on  steam  consumption  due  directly  to  the 
speed  of  the  turbine.  Again,  the  increased  flux  required  for 
close  regulation  represents  increased  rotor  weight  and  changed 
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proportions,  which  at  certain  stages  will  necessitate  operation 
above  the  critical  speed  where  before  a  stiff  rotor  was  possible. 
As  regards  cost  price,  the  closely  regulating  machine  will  be 
heavier,  and  while  the  cost  per  pound  will  be  slightly  less  than 
that  of  the  low  flux  machine,  the  total  cost  will  always  be  some- 
what more,  except  where  other  sacrifices  have  been  made.  We 
have  been  assuming  that  the  close  regulation  is  to  be  obtained  by 
ordinary  methods  of  proportioning.  The  clever  compounding 
device  introduced  by  Miles  Walker,  and  used  to  some  extent 
in  England  for  fairly  high  power  factor  work,  is  said  to  provide 
the  close  regulation  without  any  consequent  very  heavy  mom- 
entary short-circuit  current  ratio. 

With  reference  to  the  advantage  obtained  by  close  regula- 
tion, the  following  points  must  be  borne  in  mind.  Where  close 
voltage  regulation  is  required,  an  automatic  regulator  will 
be  used  whatever  the  regulation  of  the  generator.  Even  with 
close  regulation  at  unity  power  factor,  that  at  lower  power 
factors  is  poor.  The  size  of  the  stations,  and  of  the  units,  here 
discussed  is  much  greater  than  a  few  years  ago  when  close  reg- 
idation  was  being  insisted  upon,  and  while  it  may  be  said  that 
fluctuations  of  load  on  a  section  of  the  busbars  will  be  cor- 
respondingly increased,  this  fluctuation  is  not  generally  so 
large  a  percentage  of  the  total  rating  of  the  machines  on  the 
busbars.  Further,  in  a  large  station,  if  the  rapid  changes  of 
load  are  heavy  enough  to  represent  a  considerable  proportion 
of  the  connected  generator  rating,  the  problem  of  taking  care 
of  the  sudden  changes  of  demand  for  steam  will  be  the  principal 
one,  rather  than  voltage  adjustment.  As  regards  parallel  op- 
eration between  machines  of  different  regulations,  there  is,  of 
cotu*se,  some  hand  rheostat  adjustment  required,  if  all  machines 
arc  to  share  equally  the  wattless  load  at  varying  busbar  loads. 
But  even  if  the  regulation  of  the  parallel  units  is  the  same,  such 
hand  adjustment  will  still  be  necessary,  unless  the  shai:)cs  of 
the  saturation  curves  are  also  similar.  Frequently  it  is  desirable 
anyway  to  adjust  by  hand  the  division  of  current  load  between 
generators  old  and  new. 

The  greater  rotative  speed  at  which  a  given  output  can  be 
handled  now,  as  compared  with  earlier  practise,  is  largely  due 
to  changes  of  design  which  increase  the  available  output  from 
a  structure  of  given  dimensions  rather  than  to  changes  which 
allow  of  very  much  larger  structures  being  run  at  the  old  speeds. 
The  use  of  mica  and  asbestos  for  rotor  insulation  allows  of  op- 
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eration  at  temperatures  which  were  near  the  limit  with  the  older 
inflammable  materials.  Modifying  otir  ideas  on  r^;tdation 
requirements  enables  the  limitations  of  stator  and  rotor  more 
nearly  to  approach  one  another,  and  ^  on. 

As  an  illustration  may  be  taken  some  12,500-kv-a.  750-rev. 
per  min.  25-cycle  generators  that  have  for  several  years  done  good 
service  on  one  of  our  large  traction  systems.  In  these  machines 
the  stator  is  127  in.  (3.2  m.)  in  diameter,  81  in.  (2.05  m.)  long, 
and  85.3  in.  (2.16  m.)  bore,  and  the  flux  per  pole  is  about  128 
mega-lines.  With  these  stator  dimensions  the  flux  would  now- 
adays probably  be  run  up  some  30  per  cent,  or  so,  but  the 
stator  ampere  conductors  would  also  be  increased  to  give  a 
maximum  rating  in  the  neighborhood  of  25,000  kv-a.  The  full 
load  efiBciency  would  be  brought  up  from  96.4  per  cent  to 
97.8  per  cent,  each  case  referring  to  tmity  power  factor  and  with 
friction  and  windage  included  among  the  losses.  The  reg- 
ulation at  unity  power  factor,  for  say  75  per  cent  of  maximum 
rated  load,  would  be  increased  from  10  per  cent  to  about  15 
per  cent.  The  momentary  short-circuit  current  ratio  would 
not  be  appreciably  increased  in  spite  of  the  fact  that  we  are 
dealing  with  a  machine  of  much  larger  kilowatt  capacity;  all 
the  details  of  design  would,  of  course,  be  modified  to  suit,  and 
the  machine  would  be  considerably  more  costly  to  build. 

With  the  increased  ratings  prevailing  at  speeds  of  1500  and 
1800  rev.  per  min.,  it  becomes  increasingly  difiBcult  to  provide 
satisfactory  and  efficient  blowers  mounted  directly  on  the  rotor. 
There  is  the  further  consideration  that  the  axial  length  taken 
by  the  blowers,  and  end  bell  partitioned  spaces,  increases  the 
span  between  journals  and  lowers  the  critical  speed.  Some 
far-sighted  buyers  of  large  units  are  now  adopting  a  separately 
driven  external  fan,  allowing  of  a  very  stiff  rotor  construction.  It 
then  frequently  remains  possible  to  keep  the  critical  speed  above 
the  running  speed  for  large  machines  too;  and  the  smoothness 
of  operation  obtained,  even  if  we  magnetically  unbalance  the 
rotor  by  temporarily  short-circuiting  one  coil,  is  a  great  asset 
in  a  large  machine.  The  external  blower  has  several  advantages 
which  will  be  readily  seen  and  which  will  be  accentuated  when 
it  becomes  standard  practise  in  this  country,  as  in  Europe,  to 
install  air  filters.  The  writer  believes  that  our  central  station 
engineers  will  follow  this  practise  a  few  years  hence,  as  it  is 
rational  to  arrest  the  dirt  on  accessible  surfaces,  whence  it  can 
be  removed  at  a  cost  which  is  a  very  small  fraction  of  the  expense 
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involved  when  the  dirt  is  allowed  to  collect  in  the  generators. 
One  possible  alternative  to  the  separate  blower  handling  all 
the  air,  is  a  small  external  direct-connected  higher  pressure 
blower  producing  the  necessary  low-pressure  ventilation  by 
an  inducing  jet  in  a  properly  shaped  main  duct,  on  the  prin- 
ciple of  the  jet  pump.  The  ''  high-pressure  "  blowers  for  these 
need  not  necessarily  be  direct-connected,  but  one  could  be  in- 
stalled to  feed  into  all  the  ducts  of  the  station. 
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THE  TRANSIENT  REACTIONS  OF  ALTERNATORS 


BY  WILLIAM  A.  DURGIN  AND  R.  H.  WHITEHEAD 


This  paper  is  confined  to  demonstrating  the  existence  of  a 
characteristic  of  alternators  provisionally  named  the  iransieni 
impedance  and  to  investigating  the  influence  of  this  characteristic 
on 

a.  The  maximum  and  minimum  currents  flowing  through  a 
12,000-kw.  turbo-alternator  with  and  without  external  reactance 
coils»  imder  various  short-circuit  conditions. 

b.  The  maximum  and  minimum  currents  into  different  classes 
of  faults  from  a  system  operating  several  such  units  in  parallel. 

c.  The  maximum  cross  currents  obtainable  when  paralleling 
a  unit  to  the  system  considered  in  (b),  and 

d.  The  torque  developed   by  the  maximum  currents  of  (a) 

and  (b). 

Summary 

From  these  investigations  we  conclude  that  the  short-circuit 
currents  of  alternators  are  limited  by  reactances  much  more 
complex  and  much  higher  than  the  self -inductive  reactances  pi 
the  armatures,  but  which  are  constant  for  similar  units  and  can 
be  obtained  for  any  size  and  type  of  generator  by  simple  low- 
voltage  short-circuit  tests.  By  means  of  this  test  value  the  maxi- 
mum short-circuit  current  of  a  single  unit  may  be  readily  com- 
puted from 

^•^  z 

and  the  maximum  torque  from 
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eqtiations  which  show,  when  developed,  that  the  current  per 
unit  in  any  given  short  circuit  is  less  as  the  niunber  of  units  in 
parallel  increases;  that  the  maximum  current  always  restilts 
when  the  short  circuit  occurs  at  the  zero  point  of  the  corres- 
ponding pressure  wave,  independent  of  the  particular  short- 
circuit  conditions;  that  the  maximum  instantaneous  torque 
merely  varies  inversely  as  the  reactance  in  circuit  and  hence  that 
instability  of  the  system  and  generator  stresses  (except  those  in 
end  tiuTis)  at  times  of  short  circuit,  are  only  lessened  by  reactance 
coils  in  proportion  to  the  resulting  increase  in  total  reactance; 
that  the  torque  stress  per  unit  with  a  given  number  of  units 
in  parallel  may  be  greater  or  less  than  that  with  a  smaller 
number  of  units,  depending  on  the  resistance  of  the  short  cir- 
cuit;  and  that  the  maximum  torque  is  entirely  independent  of 
the  points  of  the  pressure  waves  at  which  a  three-phase  short 
circuit  occurs.  Finally  we  find  that  the  total  reactance  of  an 
alternator  should  be  at  least  15  per  cent  per  phase,  divided 
about  equally  between  the  unit  and  external  reactance  coils, 
in  order  to  secure  protection  of  the  unit  from  the  system  in 
cases  of  internal  short  circuit,  and  that  even  this  reactance  will 
not  give  complete  protection  from  torque  strains  in  the  armature 
and  field  due  to  poor  synchronizing  and  short  circuits  or  from 
excessive  power  dissipation  at  faults  or  in  oil  switches  in  cases 
of  breakdown. 

Transient  Impedance 

The  generally  accepted  theory  of  the  short-circuit  current  of 
alternators  is  stated  as  follows  by  Dr.  Steinmetz  in  **  Transient 
Electric  Phenomena  and  Oscillations,"  page  200,  paragraph  113. 

"  When  suddenly  short-circuiting  an  alternator  from  oj^en 
circuit,  in  the  moment  before  the  short  circuit,  the  field  flux  is 
that  corresponding  to  the  impressed  m.m.f.  of  the  field  excita- 
tion, and  the  voltage  in  the  armature  is  the  nominal  generated 
e.m.f.,  cq  (corrected  for  magnetic  saturation).  At  the  moment 
of  short  circuit,  a  coimter  m.m.f.,  that  of  the  armature  reaction  of 
the  short-circuit  current,  is  opposed  to  the  impressed  m.m.f.  of  Jthe 
field  excitation,  and  the  magnetic  flux,  therefore,  begins  to  de- 
crease at  such  a  rate  that  the  e.m.f.  generated  in  the  field  coils 
by  the  decrease  of  field  flux  increases  the  field  current  and  there- 
with the  m.m.f.  so  that  when  combined  with  the  armature  reac- 
tion it  gives  a  resultant  m.m.f.  producing  the  instantaneous 
value  of  field  flux. 

Immediately  after  short  circuit,  while  the  field  flux  still  has 
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full  value,  that  is,  before  it  has  appreciably  decreased,  the  field 
m.m.f.  thus  must  have  increased  by  a  value  equal  to  the  counter 
m.m.f.  of  armature  reaction.  As  the  field  is  still  practically 
unchanged  the  generated  e.m.f .  is  the  nominal  generated  voltage, 
and  the  short-circuit  current  is 

to'  =  -^  -  (1) 

Reactance  is  used  in  place  of  impedance  in  this  equation  as 
in  comparison  the  resistance  of  the  armature  is  negligible.  It 
is  to  be  remembered  that  Xi  is  the  self-inductive  reactance  of 
the  armature  due  to  flux  linked  only  with  the  armature  con- 
ductors and  hence,  as  this  can  be  calculated  or  at  least  approxi- 
mated from  the  design  of  the  machine,  an  estimate  of  the  short- 
circuit  current  corresponding  to  the  theory  can  be  made.  The 
equation  gives  this  current  as  an  a-c.  phenomenon,  that  is, 
with  equal  positive  and  negative  half-waves,  but  since  it  is 
really  a  transient  phenomenon  and  may,  therefore,  have  the 
initial  waves  displaced  entirely  above  or  below  the  zero  value, 
the  true  maximum  possible  value  is  twice  that  shown  by  the 
equation,  or 

2EJ 


J-  tn     — 


*i  (2) 


The  short-circuit  tests  made  during  the  early  part  of  1911  on 
a  12,()00-kw.,  9000-volt,  25-cycle  turbo-alternator  at  the  Fisk 
Street  Station  of  the  Commonwealth  Edison  Company,  as 
described  in  Messrs.  Schuchardt*s  and  Schweitzer's  paper  on 
The  Use  of  Power-Limiting  Reactances  with  Large  Turbo- Alter- 
nators, and  Mr.  E.  B.  Merriam*s  paper  on  Some  Recent  Tests  of 
Oil  Circuit  Breakers,  both*  in  Volume  XXX  of  the  Transactions 
of  this  Institute,  gave  an  unusual  opportunity  for  checking  this 
theory,  and  the  great  discrepancy  between  the  estimated  values 
of  short-circuit  currents  and  those  actually  found  led  to  the 
results  now  presented. 

In  these  tests  167  short  circuits,  through  circuits  with  0  per 
cent,  3.9  per  cent,  or  6.3  per  cent  external  reactance,  were  thrown 
on  the  alternator  at  open-circuit  voltages  from  1000  to*  9000 
volts.  The  peak  value  of  the  initial  cycle  of  current  in  the  three 
phases  for  each  delta  short  circuit,  as  obtained  from  the  oscillo- 
grams then  taken,  is  plotted  in  Fig.  1  for  6.3  per  cent  external 

♦Vol.  XXX,  (1911),  Part  II,  page  1143;  page  iToS. 
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reactance,  in  Fig.  2  for  3.9  per  cent  external  reactance  and  in 
Fig.  3  for  0  per  cent  external  reactance.  In  Fig.  4  similar  values 
are  plotted  for  all  single-phase  and  three-phase  four-wire  short 
circuits.  The  upper  solid  lines  drawn  in  these  plots  thus 
represent  the  maximum  currents  from  test,  and  making  the 
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single  assumption  that  current  continues  proportional  to  voltage 
beyond  the  limits  of  the  plot,  the  figures  of  column  5,  Table  I , 
give  the  test  results  for  the  maximum  peak  values  of  short- 
circuit  currents  corresponding  to  the  various  values  of  external 
reactance. 
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With  external  reactance  in  series  with  the  armature  the  funda- 
mental equation  becomes 

2EJ> 

xi  +  x„,  (3) 
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Delta  Short-Circuit  Tests  through  Zero  External  Reactance. 
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TO  Ground  and  Thbee-Phase  Grounded  Short-Circuit  Tests. 

Thtouiih  6.3  per  cent  citem>1  reactmnce. 

For  the  particular  };ciUTali)r  t('stc<l.  x\  was  cslimnted  by  various 
engineers  as  abcml  2  ])cr  cent  or  0.135  ohms,  and  using  this 
figure  in  equation  (3)  the  values  of  column  4,  Table  I,  were  com- 
puted.    The  actual  current  without  external  reactance  is  seen 
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to  be  only  28  per  cent  of  this  computed  value,  and  making  all 
due  allowance  for  inaccuracies  in  estimating  x\,  it  seems  evi- 
dent that  the  current  is  limited  by  some  reactance  beside  those 
contemplated  in  the  original  theory.  Substituting  the  test 
values  of  IJ^  and  EJ^  in  equation  (8)  and  solving  for  the  denom- 
inator of  the  second  member,  we  obtain  the  values  given  in 
column  6,  Table  I,  and  subtracting  Xext  from  these,  the  figures 
shown  in  column  7  restdt  for  the  value  of  the  total  effective 
internal  reactance.  The  agreement  of  these  last  figures  obtained 
from  three  series  of  tests  made  under  different  conditions  of 
external  circuit  is  striking.  Indeed,  the  variation  from  a  mean 
of  0.5  ohm  is  well  within  the  experimental  error  of  oscillograph 
work,  and  although  the  transient  reactance,  as  the  writers  have 


TABLE    I 

External 

reactance 

Star  Maximum  Peak  Values 

1 

Computed     * 

Observed 
current 

Total 
reactance 
from  test 

Transient 
reactance 

Per  cent 

ohms 

Voltage 

Current 

(1) 

0.00 
3.93 
6.26 

(2) 

0.000 
0.266 
0.424 

(3) 

7350 
7350 
7350 

(4) 

109.000 
36.700 
26.300 

(6) 

30.000 
19.400 
15.800 

(6) 

0.490 
0.758 
0.931 

(7) 

0.490 
0.492 
0.507 

^Throughout  this  paper  the  following  values  are  used  for  the  rated  voltage  and  current 

per  phase: 

E  »  5200     Efn  -  7350 

I    -     770     Im    -  1090 


called  this  quantity,  probably  varies  somewhat  with  conditions 
of  field  circuit  and  armature  current  even  during  the  middle 
third  of  the  first  cycle  of  short  circuit,  these  variations  are 
comparatively  small  and  for  the  purposes  of  the  paper  the  tran- 
sient reactance  is  taken  as  constant  during  this  period  under  all 
conditions  of  short-circuit.  Considered  over  the  total  period 
of  the  transient  short-circuit  phenomenon,  it  is,  of  course,  a 
variable  increasing  from  a  lower  limit  Xi  to  an  upper  limit  :!Co, 
where  Xo  is  the  synchronous  reactance  developed  when  the 
machine  is  brought  up  to  speed  from  standstill  under  short- 
circuit  and  normal  excitation. 

The  existence  of  such  a  transient  reactance,  or  ratlicr  the 
existence  of  complex  reactions  which  are  conveniently  grouped 
and  replaced  by  a  single  fictitious  quantity  called  the  transient 
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reactance,  is  shown  conclusively  by  the  test  results  and  has, 
indeed,  been  more  or  less  clearly  appreciated  for  some  time. 
Miles  Walker,  in  his  paper  on  *'  Short-Circuiting  of  Large  Electric 
Generators,"  Proceedings,  Institution  of  Electrical  Engineers, 
Volume  XLV,  page  295,  states  that  in  one  case  which  he  investi- 
gated the  circuits  of  the  eddy  currents  in  the  field  poles  had  an 
equivalent  inductance  reduced  to  the  armature,  2.4  times  as 
great  as  Xi  and  engineers  in  general  have  accepted  the  statement 
that  the  actual  short-circuit  ciurents  obtained  will  be  less  than 
those  indicated  by  theory  on  account  of  eddy  current  reactions. 
But  the  full  significance  of  the  large  current  induced  in  the  field 
circuit  does  not  appear  to  have  been  clearly  formulated. 

Dr.  Steinmetz*s  statement  of  the  original  theory  assumes  a 
current  induced  in  the  field  of  such  strength  as  to  maintain  the 
resultant  flux  constant  against  the  effects  of  armature  reaction. 
The  induction  of  this  current  in  the  field,  however,  is  So  closely 
analogous  to  simple  transformer  action  that  the  effects  of  its 
flow  thrpugh  the  highly  self -inductive  secondary  or  field  circuit 
may  be  considered  equivalent  to  adding  the  field  inductance 
multiplied  by  the  square  of  the  ratio  of  transformat'on  to  the 
primary  or  armature  circuit,  or,  if 

Xf     =  reactance  of  field  circuit,  reduced  to  armature, 

Xe.     =  reactance  of  eddy  current  paths  in  contiguous  metal 

masses,  reduced  to  armattwe, 
Xt     =  reactance  representing  decrease  of  total  resultant  flux 

due  to  energy  dissipation,  and 
.Tt     =  transient  reactance. 


then 


Xj  =  Xi  +  X2  +  Xjt^  Xr  (4) 


As  .Ve  and  Xp  are  only  effective  during  the  transient  phenomenon 
or  while  alternating  current  is  induced  in  the  field,  this  equation 
for  the  permanent  three-phase  condition  reduces  to 

Xt  =  xi  +  jcj'  =  xo  (6) 

In  the  above  discussion  reactance  only  has  been  considered. 
It  is,  of  course,  evident  that  the  field  circuit  and  especially  the 
eddy-current  circuits  possess  considerable  resistance  and  that,  as 
mon;  definite  data  are  obtained,  investigations  must  be  based  on 
the  transient  impedance.  But  at  present,  unfortunately,  no 
figures  are  available  for  the  transient  resistance,  and  the  writers 
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have  been  obliged  to  assume  that  as  the  known  armature  resist- 
ance of  0 .03  ohms  is  negligible,  the  values  of  column  7,  Table  I, 
represent  true  transient  reactance,  and  in  the  cases  discussed 
below,  to  treat  the  total  transient  resistance  as  negligible  or  as 
replacing  an  imknown  part  of  the  external  resistance. 

(a)  The  Maximum  and  Minimum  Currents  Flowing  Through  a 
12,000-Jfew.  Turbo-Alternator  With  and  Without  External 
Reactance  Coils,   Under  Various  Short- Circuit  Conditions, 

One  of  the  principal  advantages  of  considering  all  the  armature 
reactions  as  a  single  transient  reactance,  practically  constant 
during  the  middle  third  of  the  first  cycle  after  short  circuit,  lies 
in  the  fact  that  the  short-circuited  armature  then  becomes 
strictly  analogous  for  this  period  to  a  circuit  possessing  the  same 
resistance  and  reactance  upon  which  is  impressed  a  constant 
e.m.f.  equal  to  the  nominal  generated  voltage  eo  (corrected  for 
magnetic  saturation).    The  current  in  such  a  circuit  is  given  by 


Em 


-^rcos(d-do-^i)-€"*  ^cos(»o+^i)l 


in  which  equation,  as  applied  to  the  short-circuited  armature, 

Em  =  maximum  nominal  generated  e.m.f.  (corrected  for  satur- 
ation) . 

z      =  Vr^  +  x* 

r      =  transient  resistance  -h  resistance  of  external  circuit. 

X        =   ^T  4"  Xext 

6      =  time  from  instant  of  short  circuit. 

^0     =  phase  of  pressure  at  instant  circuit  is  closed,  in  terms  of 

d  from  equation  e  =  Em  cos  {0  —  do)  or  the  time 

angle  to  the  nearest  positive  Em 

01     =tan-»-^ 

r 

Considering  first  the  case  where  r  is  negligible  with  respect 
to  X,  equation  (6)  reduces  to 


i=  -f^cos  (e-0o-l)-cos(^do  +  ^y\ 


(7) 


and  gives  maximum  values  for  /  when  ^o  =  db   ^  or   when  the 
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short  circuit  occurs  at  the  zero  point  of  the  e.m.f.  wave,  for  under 
these  conditions, 


^(cos^-l) 


(8) 


and 

2  E  * 


this  being  the  same  value  as  obtained  from  the  original  theory 
with  the  initial  wave  completely  above  or  below  the  time  axis 
(equation  2.)     If  the  short  circuit  occiursat^o  =  0  or  ^o  =  t, 
on  the  other  hand,  equation  (6)  becomes 


givmg 


• 

t 

X 

COS  IB  — ? 

EJ 

X 

COS  (  ^  — 

IJ 

F   0 

or 

3ir 


) 


(9) 


that  is,  the  minimum  initial  peak  of  the  minimum  phase  when 
the  short  circuit  takes  place  at  the  peak  of  the  impressed  e.m.f. 
wave  for  this  phase.*  Under  these  conditions  the  current  wave 
is  symmetrical  about  the  time  axis  and  the  maximum  is  one- 
half  that  obtained  when  the  wave  is  completely  displaced. 

The  test  results  are  in  satisfactory  agreement  with  this  last 
relation,  the  lower  solid  line  of  Figs.  1,  2,  3  and  4  being  plotted 
for  values  one-half  those  of  the  upper  line.  The  fact  that  a  few 
points  fall  below  the  limit  indicated  by  the  theory  is  probably  to 
be  explained,  aside  from  the  ima voidable  inaccuracies  of  oscillo- 
graph measurements,  by  variation  in  the  resistance  of  the  exter- 
nal circuit.  The  importance  of  maintaining  this  resistance 
constant  did  not  appear  until  the  tests  were  completed,  and  in 
consequence,  as  the  contacts  of  the  oil  circuit  breaker  used  to 
open  the  short  circuit  became  pitted,  a  resistance  was  introduced 

*  Initial  peak  is  used  throughout  this  paper  as  meaning  the  highest 
peak  occurring  in  the  first  cycle. 
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in  each  phase  varying  from  several  hundredths  to  perhaps  a  few 
tenths  of  an  ohm  as  indicated  by  oscillograms  of  the  pressure 
drop  across  the  several  contacts.  The  higher  figure  is  by  no 
means  negligible  in  comparison  with  the  reactance  of  the  circuit 
and,  together  with  the  unknown  transient  resistance,  introduced 
considerable  variations  from  the  purely  reactive  impedance 
assumed. 

Fig.  5  shows  the  effect  of  various  external  reactances  up  to 
20  per  cent  in  reducing  the  current  of  one  of  the  I2,000-kw. 
generators  under  short  circuits  of  negligible  resistance  as  com- 
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puted  from  equation  (2),  the  actual  test  values  being  plotted  as 
circles.  It  is  interesting  to  note  that  whereas  an  increase  of 
external  reactance  from  zero  to  6  per  cent  results  in  a  decrease 
in  current  of  about  45  per  cent,  an  increase  from  G  j>er  cent  to 
10  per  cent  external  reactance  gives  only  about  12  per  cent  further 
decrease  of  current. 

If  the  resistance  is  not  negligible,  the  analytical  solution  of 
equation  (6)  for  maximum  i  becomes  difficult  and  the  investi- 
gation is  carried  out  most  readily  by  plotting  various  families  of 
curves.  For  this  purpose  the  variables  of  equation  (6)  may  be 
grouped: 
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y  =  COS  [ « -  {6,+eo  ]  -  «-«'cos  (»,  +  «.)       ^j^jj 

and  0,  — '  and  8c  +  9i  considered  the  new  variables. 

Tfildng  00  +  01  =  T,  the  family  of  curves  given*  in  Fig.  6  is 
obtained,  showing  the  values  of  (10)  for  representative  values  of 

—  and  all  values  of  0  from  0  deg.  to  180  deg.    Stmikr  bunilies 

have  been  plotted  for  other  values  of  8»  -h  Bi  and  the  maxima  of 


M^r 

, 

L-TT 

«i 

^ 

'. 

.— tT" 

- 

+ 

n 

''-- 

^ 

5-0 

/ 

/// 

^ 

^ 

"' 

^ 

/ 

/' 

' 

i. 

*■ 

^ 

/ 

i" 

^ 

^ 

/ 

■ 

1 

' 

K 

Pig.  6 — Values  op   Y,  Equation  (10),  fok  Rkpkkskntativs 
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each  of  the  several  series  made  up  of  those  curves  havii^  the 

same  value  of  —  but  different  values  of  9«  -{-  8\  are  combined 

in  Fig,  7  to  form  one  of  a  new  family  of  curves  in  which,  therefore, 

for  each  value  of  ffj  +  (9i  and  —  ,*  8  has  the  value  shown  by 

Fig.  6  and  the  similar  families  to  be  necessary  to  make  (10)  a 
maximum. 

The  dotted  line  drawn  through  the  peak  of  these  last  curves  is 

found  to  pass  through  the  p(rint8  corresponding  to  0i  —  —^ 
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and  it  is  apparent,  therefore,  that  under  all  circuit  conditions 
the  maximum  current  is  obtained  when  the  short  circuit  occurs 
at  the  zero  value  of  the  corresponding  e.m.f.  wave.*  From  Fig.  7 
too,  it  is  seen  that  the  maximum  value  of  (10)  for  any  value  of 
^0  +  9|,  is  in  no  case  more  than  2.5  per  cent  greater  than  that 
obtained  for  So  +  ^i  =  x,  and  as,  when  9a  +  ^i  is  made  equal  to 
T,  the  maximum  value  shown  by  Fig.  6  for  any  value  of  6  is 
not  more  than  0.5  per  cent  greater  than  the  corresponding  value 
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when  fl  =  T,  by  taking  both  &»  +  fli  and  9  equal  to  v  we  may 
obtain  a  simplification  of  equation  (6)  which  will  result  in  values 
of  /■•  within  2  per  cent  or  3  per  cent  of  the  absolute  maximum. 
So  simplified, 


-¥{--■) 


(11) 


*Aa  analytical  demoostratioo  of  this  fact  is  given  in  Appendix  A. 
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gives  the  approximate  maximum  of  the  maximum  phase,  the 
minimum  initial  peak  of  the  minimum  phase  being  given  by 


Im"' 


_EJ> 


(12) 


Applying  (11)  and  (12)  to  the  12,000-kw.  generator  with  no 
external  reactance,  the  upper  double  branched  curve  of 
Fig.  8  results,  the  two  branches  showing  the  decrease  in 
the  range  of  possible  values  for  the  initial  peaks  of  the 
three  phases  as  the  resistance  of  the  short  circuit  is  increased. 


1 

\ 

\ 

\ 

" 

r 

^ 

= 

V 

S^ 

lu.uuu 

\ 

^ 

^ 

V 

"■ 

r- 

, 

•  V 

kir 

" 

HE. 

la 

,, 

.T 

> 

is 

-^ 

=a: 

-"= 

=■ 

_ 

1 

* 

" 

Fn;-  S-T.i\ 
K.is   Res 


HRounR  Short  Cikcuits  o 

D    BY    A    la.OOO-KW.    ALTEHNi 


It  is  noteworthy  tliat  Ji  resistance  of  one  ohm  per  phase  eliminates 
the  transient  term  entirely,  both  for  this  curve  and  the  lower 
double  branched  curve  showing  similar  values  when  6  per  cent 
external  reactance  coils  are  included  in  the  circuit.  That  is, 
for  resistance  greater  than  0  8  or  1.0  ohm  all  three  phases  have 
equal  initial  peaks,  or  wc  have  a  simple  a-c.  phenomenon.  As 
the  unit  is  earthed  through  a  2.5-ohm  neutral  rheostat,  cable 
breakdowns  or  faults  from  phase  to  sheath  are  thus  purely 
a-c.  phenomena,  and  from  the  closeness  of  the  upper  and 
lower  curves  of  Fig.  8  at  the  2.5-ohm  point,  are  unaffected 
by  any  practicable  amount  of  external  reactance. 
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(6)  The  Maximum  and  Minimum  Currents  into  Various  Classes 
of  Faults  from  a  System  Operating  Several  I2fi00-kw,  Units 
in  Parallel, 

With  n  units  in  parallel,  feeding  a  short  cMrcuil  beyond  the  sta- 
tion busbars,  equations  (11)  and  (12)  take  the  fonns 

A'-  +^)'+(f)''-  (i) 

and 

The  assumption  that  the  transient  resistance  term  is  negligible 
as  compared  with  the  external  resistance,  however,  becomes  more 
nearly  true  as  n  increases,  so  that  for  several  units  these  equa- 
tions may  be  simplified  as 


£«•  -  "" 


S/  r..,  +    ('-)' 


(IS) 


and 


^  m 


0 

m 


\/,»/+(^) 


2 


(16) 


From  these  latter  equations  the  curves  of  Fig.  0  for  five  12,000- 
kw.  units  in  parallel  are  plotted  similarly  to  those  given  in 
Fig.  8  for  a  single  unit.  With  a  three-phase  short  circuit  on  a 
standard  250,000-cir.  mil  cable  fed  from  a  five-unit  system,  if 
the  breakdown  is  a  mile  or  more  from  the  station,  the  decrease 
in  current  due  to  6  per  cent  external  reactance  coils  is  negligible 
and  no  transient  term  occurs,  this  critical  distance  being  one- 
fifth  that  which  obtains  for  a  single  unit.  But  for  an  appreciable 
resistance  the  three-phase  short-circuit  current  of  five  units  is 
considerably  less  than  five  times  that  of  a  single  unit,  so  that 
although  up  to  about  two  ohms  per  phase  resistance  those  effects 
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o£  a  breakdown  which  depend  only  on  the  amount  of  current, 
increase  in  severity  at  the  fault  and  in  the  feeder  switch  with  the 
number  of  units  in  service,  the  effect  on  the  individual  units 
decreases  as  more  units  are  operated  in  parallel.  The  applica- 
tion of  these  .statements  to  a  breakdown  from  phase  to  pround 
depends  on  the  scheme  followed  in  oixtraLion.  If.  as  is  usual,  a 
single  imit  is  earthed,  that  unit  takes  the  entire  short-circuit 
current  and  this  is  practically  independent  of  the  number  of 
units  on  the  bus.  If,  however,  all  units  are  connected  to  a 
neutral  bus  which  is  earthed  through  a  neutral  rheostat  the  total 
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Short  Circuits  np 
V  Five  12,000-kw.  Alternators  in 


short-circuit  current  will  be  independent  of  the  number  of  units 

and  the  strain  per  unit  inversely  as  this  number. 

(c)  The  Maximum  Cross  Currents  Obtainable  when  Paralleling  a 

I2,000-Aj(r.  Generator  to  a  System  Operating  several   such  JJnits 

in  Parallel. 

As  a  special  case  of  the  the  parallel  operation  of  units,  we  may 
consider  the  cross  currents  flowing  when  an  additional  unit  is 
connected  to  a  bus  supplied  by  «  similar  units.  Here  f,« 
is  zero,  r,  is  negligible  and  the  e.m.f.,  assuming  the  pressure  of 
the  incoming  unit  to  be  ^ual  to  that  of  the  bus,  is  twice  the  bus 
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pressure,  multiplied  by  the  sine  of  one-half  the  phase  angle 
between  bus  and  the  incoming  unit.  Taking  the  worst  case|when 
the  unit  is  thrown  in  180  deg.  out  of  phase  and  the  switch  closed 
at  the  zero  value  of  the  pressure  waves, 


2  (2  £,") 


(17) 


and  the  numerical  values  applying  to  the  system  under  discus- 
sion for  external  reactances  from  0  to  10  per  cent  and  n  from  1  to 
OD  are  shown  in  Fig.   10. 


OUT  OF  Phase  to  t 


At  the  Fisk  Street  station  with  four  units  previously  operating, 
the  6.3  per  cent  reactances  installed  would  only  limit  current  to 
26,000  amperes  in  the  worst  case  of  synchronizing.  This,  while 
little  more  than  half  that  obtained  with  no  external  reactances, 
is  still  probably  quite  sufficient  to  wreck  the  incoming  unit. 
Although,  therefore,  reactance  offers  considerable  protection 
against  poor  synchronizing,  no  amount  considered  in  any  of  the 
installations  yet  made  will  give  complete  security. 
(d)  The  Instantaneous  Torque  Developed  by  the  Maximum  Skort- 

Circuil  Currents  of  (a)  and  {b). 

Applying  the  conception  of  transient  impedance  to  the  investi- 
gation of  the  maximum  instantaneous  torque  which  tends  to  twist 
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or  spring  the  shaft  or  to  strain  the  entire  armature  of  a  short- 
ciroiited  alternator,  we  obtain  the  very  simple  formula 

*^"    2     2»    '■^i  +  «  '  ;  (18) 

For  when  r  =  rj  +  text  the  torque  is  evidently  the  sum  of  the  i^r 
losses  for  the  three  phases,  and  in  a  three-phase  short  circuit 
through  any  reasonable  amount  of  exterucd  resistance  fi  may 
be  taken  as  equal  in  each  phase,  making, 

vfi  =    ^—^P^  r  I  r  cos (6 -60-61) -e-^' cos  (60  +  61)  J 
+  [cos  ^6-6o-6i--^-)-€-T'cos  (  $0+6,+-^-  )J 

-I-  [cos  ( e -60-61-^) -e-T'  cos  ^6o+6x+—^-)'J\ 

(19) 

Expanding  these  expressions  and  reducing  by  the  formulas 
given  by  Dr.  Steinmetz  in  ** Engineering  Mathematics",  page  106, 


^  =    3    (£.0)2 


I  (cos^-  e'^'Y  +  sin*  el 


2~2*^        LV  /    "^^'"^J  (20) 

This  expression  does  not  contain  0o,  or,  in  other  words,  the 
torque  is  entirely  independent  of  the  point  of  the  pressure  wave 

at  which  the  short  circuit  occurs.     Furthermore,  the  transient 
term  becomes  practically  negligible  for  —  =  or  >  4  and  (20) 

X 

then  reduces  to 

u^  =  |(^'V^'r  =  3£/cosei, 


the   fundamental   power  equation  of  the  three-phase   circuit. 
To  obtain  W.^,  the  latter  part  of  (20), 


(cos0-  c~7^y+sin»0, 
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may  be  investigated  graphically  as  is  done  in  Fig,  1 1 ,  where  the 
solid  lines  represent  the  values  of  the  expression  for  various  values 

of from  0  to  <o ,  the  dotted  lines  showing  the  component 


.  tenns  for =  0.2.    Here  again,  as  in  the  case  of  the  current 

curves  of  Figs.  0  and  7,  the  peaks  are  so  flat  that  Iho  absolute 
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maximumt  orque  is  never  more  than  4 . 5  per  cent  greater  than  the 
torque  for  9  =  t  and  hence,  for  all  practical  purposes.  (30) 
may  be  written  as  in  (18).  It  is  interesting  to  observe  that  this 
equation  can  be  derived  from  the  three-phase  power  equation 

written  in  the  form  W  =  ^  /«*  r  by  substituting  the  approxi- 
mate value  of  /«'  given  in  (11).    That  is,  the  maximum  transient 
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torque  is  the  same  as  the  constant  torque  of  a  three-phase  circuit 
in  which  the  /„  o£  the  sine  current  equals  the  maximum  possible 
peak  of  the  maximum  phase  under  short  circuit. 

Using  in  equation  (18)  the  values  of  x  tor  the  12,000-kw. 
alternator,  the  curves  of  Fig.  12  are  obtained,  showing  the  de- 
crease of  torque  with  increase  of  resistance.  For  any  given 
resistance,  the  decrease  due  to  the  addition  of  6  per  cent  external 
reactance  is  equal  to  the  difference  in  ordiiiatcs  of  the  upper 
and  lower  curves  and  is  directly  proportional  to  the  decrease  . 
in  the  square  of  the  current.  The  end  turn  stresses  in  the  arma- 
ture winding  are  also  proportional  to  the  square  of  the  current, 
so  that  in  any  specific  short  circuit  all  stresses  on  the  alternator 
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RESISTANCE 

us  Torque  Developed  in  a 
Subjected  to  External  Short  Circuits 
OF  Zero  or  6  per  cent  Reactance. 

irallel.  Sngle  unit  lyiUin. 


are  reduced  in  the  same  ratio  by  additional  reactances.     But 

the  maximum  possible  end  turn  and  torque  stresses  do  not  occur 
simultaneously,  for  the  maximum  current  flows  with  minimum 
transient  iinpcdance,  or  in  a  zero  resistance  bus  short  circuit, 
while  the  maximum  torque  results  when  some  considerable 
resistance — the  exact  value  depending  on  the  simultaneous 
value  of  the  reactance — -is  in  circuit.  In  the  case  considered  in 
Fig.  12  the  possible  maximum  torque  is  thus  reduced  only  45 
per  cent  by  (i  per  cent  reactances  or  directly  as  the  maximum 
current.  This  variation  of  the  maximum  possible  torque  in 
direct  ]»roportion  to  the  short-circuit  current  at  zero  resistance, 
as  suggested  by  the  last  statement,  or  in  other  words,  a  varia- 
tion of  the  maximum  torque  inversely  as  the  total  reactance  * 
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-,  is  found  empirically  to  be  a  true 


property  of  equation  (18)  by  plotting  curves  as  in  Fig.  12  for 
other  values  of  x.  The  current  curves  of  Fig.  5  may  thus  be 
redrawn  to  show  the  percentage  decrease  in  possible  maximum 
torque,  as  well  as  in  short-circuit  current,  secured  by  the  use  of 
various  external  reactances,  as  is  done  in  the  upper  curve  of  Fig.  13, 
The  lower  curve  of  this  figure  showing  the  corresponding  decrease 
in  end-turn  stresses  is  plotted  to  the  same  scale,  but  the  great 
difference  in  the  actual  magnitudes  of  the  end-turn  and  torque 
stresses  must  be  kept  in  mind.  Thus,  with  no  external  reactance 
the  torque  is  7.9  times,  the  short-circuit  current  27  times,  and 
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Short  Circuits  of  Various  External  Reactances. 


the  end-turn  stresses  729  times,  the  magnitudes  existing  at  full 
load.  Hence,  although  the  end-turn  stresses  are  reduced  69 
per  cent  by  0  per  cent  reactance  coils,  and  the  torque  but  45 
per  cent,  the  torque  is  4.3  times  full  load,  while  the  end-turn 
stresses  are  still  226  times  normal.  Indeed,  even  20  per  cent 
reactance  coils  leave  the  end-turn  stresses  58  times  normal. 

As,  however,  external  reactances  have  a  large  percentage  effect 
in  reducing  end-turn  stresses,  the  introduction  of  reactance  coils 
evidently  gives  great  protection  to  end  turns  even  though  still 
leaving  these  stresses  large,  but  in  lessening  mechanical  shock 
and  retardation  of  the  generator  the  percentage  effect  is  con- 
siderably smaller  and  thus  the  protection  much  less  than  has  been 
claimed. 
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With  n  units  in  parallel  supplying  a  short  circuit  of  fixed  resis- 
tance the  torque  on  each  unit  is  equal  to  that  produced  in  a 
single  unit  short-circuited  through  n  times  the  given  resistance. 
The  lower  dotted  curve  of  Fig.  12  thus  shows  the  torque  on  each 
of  five  machines  protected  by  individual  6  per  cent  reactance 
coils  and  short-circuited  through  various  external  resistances 
(the  upper  dotted  curve  showing  similar  relations  for  five  units 
without  reactance  coils).  Comparing  the  corresponding  etudes 
for  one  and  five  units  it  is  seen  that  the  answer  to  the  question 
as  to  whether  a  unit  will  receive  a  more  severe  shock  on  a  short 
circuit  when  it  is  operating  alone  or  in  parallel  with  other  units 
depends  entirely  on  the  particular  short-circuit  conditions. 
For  station  short  circuits,  including  cable  breakdowns  within 
a  short  distance  of  the  station,  the  blow  per  machine  will  be 
much  more  severe  with  five  units  than  with  one,  while  the  total 
power  to  be  interrupted  with  five  units — given  by  five  times  the 
ordinates  of  the  dotted  curves — may  reach  265  megawatts  with 
6  per  cent  reactance  coils  as  against  the  53  megawatts  which 
can  be  supplied  by  one  unit.  For  short  circuits  of  more  than 
0.25  ohms  resistance  the  blow  per  machine  with  five  units  in 
parallel  rapidly  becomes  less  than  that  with  a  single  unit,  reaching 
full  load  torque  for  a  short  circuit  of  1 .4  ohms,  at  which  point  a 
single  protected  unit  would  experience  a  torque  3.5  times  full 
load.  With  resistances  of  three  or  four  ohms  per  phase,  magni- 
tudes, that  is,  corresponding  to  substation  short  circuits,  the 
total  power  to  be  interrupted,  which  has  now  decreased  to  about 
20  megawatts,  is  practically  the  same  with  five  units  as  with  one, 
and  the  blow  per  machine  with  three  or  more  units  in  parallel 
is  hardly  more  than  may  be  met  in  normal  operation. 

In  review  it  will  be  noted  that  all  the  conclusions  of  this 
paper  are  based  on  two  assumptions;  first,  that  the  transient 
reactance  is  constant  at  and  near  the  middle  of  the  first  cycle; 
and  second,  that  when  this  reactance  is  introduced  in  equation 
(6),  true  current  values  arc  obtained  at  and  near  0  ^  w.  The 
first  of  these  assumptions  is  discnissed  under  the  heading  Tran- 
sient Impedance.  The  second  remains  to  be  validated.  The 
dotted  curves  of  Fig.  14  represent  the  simultaneous  three-phase 
current  waves  taken  from  oscillograms  No.  317  and  No.  318 
made  in  test  No.  190 — a  three-phase  short  circuit  at  9000  volts  A 
with  6.3  per  cent  external  reactance  coils.  Considerable  dis- 
crepancies, due  to  the  oscillograph,  to  ciurent  transformer 
distortion,  or  to  other  errors  in  measurement,  exist  in  one  or  all 
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of  these  wave  forms,  as  is  shown  by  the  dashed  curve  which 
represents  the  sum  of  the  dotted  curves  for  A  and  B  phases  and 
should,  therefore,  coincide  w4th  the  dotted  or  oscillograph  curve 
for  C  phase,  and  these  discrepancies  must  be  remembered  in 
judging  the  agreement  between  the  oscillograms  and  the  theory. 
From  the  oscillogram  of  the  generator  pressure  (a  curve  not 
shown  in  the  figure)  61,  for  A  phase  is  found  by  actual  measure- 
ment to  be— 72deg.,and  substituting  this  figure  and  appropriate 
figures  for  B  and  C  phases  in  equation  (7),  r  being  assumed  negli- 
gible and  X  =  0.924  ohms,  the  full -line  curves  of  Fig,   14   are 
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Fig.  14^Agreement  of  Equation  (7)  with  Oscillogr; 


obtained,  A  considerably  better  agreement  may  be  secured 
by  trial,  using  various  values  of  r,  but  at  the  180-deg.  point  the 
coincidence  shown  in  the  figure  appears  quite  sufficient  for  all 
practical  applications  of  the  work. 

These  curves  are  fairly  typical  of  all  those  investigated, 
and  although  the  variations  of  the  oscillograms  from  the 
mathematical  curves  show  that  the  reactions  are  much  too  com- 
plex to  be  perfectly  represented  by  a  simple  law  of  variation 
for  the  transient  reactance,  it  is  believed  that  the  two  main 
assumptions  of  this  paper  give  a  practical  means  of  closely  predict- 


1912]  REACTIONS  OF  ALTERNATORS  1679 

ing  from  a  single   low-voltage  short-circuit  test  the   transient 
reactions  of  an  alternator. 

Appendix  A 

To  demonstrate  that  the  equation 

i  =  ^-'  j   cos  (6 -do-  di)  -  c"  X  '  cos  (^0  +  ^l)   [ 


gives  the  maximum  value  of  i  when  ^o  =  s"  or  when   the  circuit 

is  closed  on  the  zero  point  of  the  e.m.f.  wave  for  all  values  of 

randx.    Let —  =  cot^i  =  K  a.  constant  in  any  specific  case. 

As  0  and  do  are  independent  variables  the  expression  is  a 

d  i  d  i 

maximum  when    .  ^    and    ,  ^    are  both  equal  to  zero,  but 

a  u  a  a  a 


di 


=  cos  do  sin  di  j  tan  do  [k  e'''^'^-K\cosd-sm0  1 


r€"''''-cos0  +  A:sine][ 


+        € 


and   . *  .   when 


di    _  ^  r^  __   —  c-/cg  -f  cos  0  —  K  sin  0 

d  do  "     '        '  '  "   K  e-^'-K  '^d  -  sin  0 


also 


-f-ZC'e- '»■'»- COS  ^  +  2i:sinel[ 


and  .  ■ .  when 


d  0  ~  "•  ^^"  ^'~  Ki-  •''o  -  Kcos  0  -  sin  0 
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Hence  for  the  maximum  value  of  i 


This  is  only  possible  for  real  finite  values  of  K  and  0  when 

ii:€-'^^-A:cose-sine  =  0 
or  when 

tan  ^0  =  «> 
and 
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Discussion  on  **  Operating  Characteristics  of  Large 
Turbo-Generators"  (Field),  and  "The  Transient 
Reactions  op  Alternators  "  (Durgin  and  Whitehead), 
Boston,  Mass.,  June  28,  1912. 

H.  M.  Hobart:  I  consider  Mr.  Field's  paper  to  be  an  excellent 
statement  of  the  situation  in  regard  to  turbo-generators.  Devel- 
opments of  the  last  few  years  have  made  it  quite  necessary  to 
introduce  considerable  deviation  from  what  was  formerly  con- 
sidered the  best  design.  This  has  come  about  largely  from  the 
necessity  for  better  construction  because  of  the  stresses  due  to 
the  large  short-circuit  currents,  and  for  other  reasons. 

My  attention  was  attracted  by  the  last  paragraph  of  the 
paper,  in  which  Mr.  Field  recommends  the  avoidance  of  handi- 
capping the  design  of  the  alternator  to  any  extent  as  the  result 
of  incorporating  the  ventilating  fans  in  the  design.  I  am  strongly 
inclined  to  believe  that  he  is  quite  right.  It  always  seems  to 
me  that  a  characteristic  feature  of  almost  all  engineering  methods 
is  that  the  engineer's  work  will  be  more  in  accord  with  the  strict 
commercial  line  of  progress  when  he  is  free  to  let  each  element  in 
the  engineering  work  be  adapted  to  its  own  particular  purpose. 
In  large  work  at  any  rate,  this  policy  is  generally  in  the  interest 
of  true  commercial  economy,  and  I  believe  with  Mr.  Field  that 
it  will  often  be  preferable,  where  the  generators  are  of  very 
large  capacity,  to  provide  completely  independent  ventilating 
apparatus.  This  plan  has  various  advantages.  If  we  try  to 
incorporate  the  fans,  we  handicap  the  design  of  the  alternator. 
The  design  of  the  alternator  cannot  be  quite  as  good  as  if  that 
requirement  was  not  in  the  designer's  mind.  Moreover,  if  the 
ventilating  apparatus  is  distinct  from  the  generator,  that  ap- 
paratus also  can  be  made  more  efficient  and  appropriate. 

Occasions  will  often  arise  where  a  centralized  ventilating  plant 
can  be  successfully  employed.  One  reason  for  that,  as  Mr.  Field 
suggests,  is  that  the  air  can  be  treated  before  it  is  sent  on  its 
way  to  the  machine.  Great  developments  are  in  store  in  this 
direction.  It  is  a  very  important  matter  indeed  that  the  air 
should  be  thoroughly  cleaned.  That  can  be  best  done  as  a 
separate  department  of  the  business.  The  humidity  of  the  air 
may  also  with  advantage  be  controlled  prior  to  sending  it  on  to 
the  machinery  through  which  it  is  to  be  circulated.  Moreover, 
there  are  many  otherwise  fine  stations  which  could  be  distinctly 
improved  were  the  air  taken  from  outside,  as  of  course  is  done 
in  many  other  stations,  circulated  through  the  machine,  and 
sent — not  into  the  engine  room — but  again  outside,  at  any  rate 
in  many  seasons  of  the  year.  In  those  seasons  of  the  year  where 
it  would  be  useful  to  have  it  sent  inside,  it  could  be  readily 
arranged.  So  that  from  every  standpoint — from  the  standpoint 
of  getting  the  very  best  generator  for  the  money  spent  on  it,  the 
very  best  fans  for  the  money  spent  on  them,  from  the  standpoint 
of  having  the  air  clean  and  in  the  most  appropriate  condition 
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before  entering  the  machine,  and  from  the  standpoint  of  having 
the  most  appropriate  condition  in  the  engine  room,  Mr.  Field's 
suggestions  are  excellent. 

B.  G.  Lamme :  I  wish  to  make  a  few  general  remarks  on  the 
paper  of  Messrs.  Durgin  and  Whitehead.  It  is  now,  I  believe, 
pretty  generally  accepted  that  all  large  alternators  should  have 
considerable  reactance.  You  should  put  all  you  can  inside,  and 
if  that  is  not  enough,  then  put  some  outside.  In  some  types  of 
machines  it  is  difficult  to  get  enough  internal  reactance.  There 
are  some  advantages  in  both  arrangements.  For  instance,  if  a 
short  circuit  occurs  in  one  machine,  an  outside  reactance  between 
the  machine  and  other  machines  will  protect  the  other  machines. 
On  the  other  hand,  if  a  short  circuit  occurs  at  the  winding  of 
one  machine,  you  may  save  that  machine  by  having  a  high 
internal  reactance,  regardless  of  the  other  machines.  A  good 
proportion  of  the  short  circuits  that  occur  in  turbo-alternators 
are  in  the  end  windings  and,  in  many  cases,  in  the  terminals. 
In  those  cases,  if  a  ground  occurs  on  the  machine,  the  internal 
reactance  may  still  save  the  winding  and  it  may  damage  the 
machine  only  slightly.  If  a  machine  has  very  little  internal 
reactance,  then  in  the  case  of  an  internal  short  circuit  or  ground, 
the  whole  machine  may  be  ruined;  so  there  are  some  advantages 
in  having  considerable  internal  reactance,  and  also  some  in 
having  additional  reactance  for  protection  against  other  machines. 
I  am  a  great  believer  in  having  high  reactance  in  the  machine, 
and  also,  wherever  necessary,  in  putting  some  outside. 

In  connection  with  the  effect  of  armature  short  circuits  on 
the  field  winding,  in  the  New  Haven  Railroad  power  house,  when 
we  first  installed  the  generators,  we  had  many  short  circuits  on 
the  trolley  system,  and  we  had  more  trouble  at  first  in  the  gen- 
erator field  windings  than  in  the  armatures.  Some  of  these 
troubles  consisted  of  short  circuits  or  grounds  which  we  could 
not  explain  for  awhile,  but  later  we  discovered  that  they  were 
due  to  the  high  voltage  generated  in  the  field  windings  at  che 
time  of  the  short  circuits  on  the  line.  We  then  put  a  low -resist- 
ance shunt  across  the  exciter  circuit.  That  helped  matters. 
Somewhat  later  we  equipped  the  rotors  of  these  machines 
with  very  heavy  copper  dampers,  of  the  cage  type;  after  that  all 
trouble  with  field  windings  disappeared.  That  was  four  years 
ago.  The  dampers  on  the  machines  have  suppressed  the  voltage 
rises,  as  was  expected,  and  the  field  trouble  has  entirely  dis- 
appeared, thus  showing  the  effect  of  the  cage  damper  in  protect- 
ing the  field  winding. 

P.  M.  Lincoln:  I  note  that  Messrs.  Durgin  and  Whitehead 
in  their  paper  have  developed  a  formula  by  which  they  may 
obtain  the  maximum  current  in  a  short  circuit  and  also  the 
torque  that  is  developed  by  the  short  circuit.  I  am  not  prepared 
to  discuss  the  accuracy  of  this  formula  because  I  have  not  had  a 
chance  to  study  it  sufficiently,  but  I  would  like  to  ask  whether 
or  not  any  of  the  members  have  really  come  across  any  diffi- 
culties due  to  the  torque  which  has  been  developed  on  any 
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generators  due  to  short  circuits.  Generator  shafts  are  usually 
so  constructed  that  the  amount  of  torque  which  can  be  trans- 
mitted is  very  much  in  excess  of  normal  full  load  torque,  and 
there  is  so  much  excess  that,  so  far  as  my  experience  goes,  there 
is  sufficient  so  that,  whatever  abnormal  torque  is  developed  by 
short  circuit  or  any  other  condition,  there  is  no  difficulty. 
This  formula,  I  believe,  gives  a  comparatively  small  excess 
above  full  load  torque  as  the  maximum  that  can  be  obtained, 
amounting  to  perhaps  two  or  three  times  the  normal  full  load 
torque.  This  seems  to  bear  out  the  experience  stated  above, 
viz.;  that  no  difficulty  may  be  expected  from  the  torques  due 
to  short  circuits. 

Henry  G.  Reist:  Some  years  ago,  when  we  did  not  fully 
appreciate  the  stress  of  the  high  current  that  we  get  in  generators, 
we  had  an  experience  with  a  generator  which  did  shear  coupling 
bolts,  and  I  think  there  must  have  been  nine  or  ten  times  the 
normal  torque  in  the  machine  in  order  to  have  done  this.  Of 
course  later  machines  are  designed  very  much  more  cautiously 
and  do  not  cause  any  harm.  But  there  is  no  doubt  in  my  mind 
that  the  torque  in  the  older  machines  in  the  case  of  short  circuits 
went  up  as  high  as  ten  or  twelve  or  perhaps  fourteen  times  the 
normal  torque. 

B.  G.  Lamme :  In  regard  to  the  point  Mr.  Lincoln  has  raised 
regarding  the  torque,  it  may  be  said  that  the  torque  is  developed 
in  the  alternator  itself,  but  the  transmission  of  this  torque  to 
other  parts  is  a  question  of  how  much  of  it  will  be  absorbed  in  the 
alternator  rotor  itself  and  how  much  in  the  other  parts.  In 
large  high-sjjced  turbo-alternators  the  rotor  will  absorb  con- 
siderable of  it.  I  know  of  one  case  of  a  turbo-alternator  that 
had  a  special  coupling  on  it,  that  was  figiu'ed  out  to  stand  a 
maximum  of  three  times  the  rated  load.  That  machine  was 
subjected  to  severe  short  circuits  frequently,  which  in  several 
cases  affected  the  armature  winding,  yet  the  coupling  was 
never  injured. 

Henry  G.  Reist:  I  think  that  might  be  true  on  some 
machines,  but  on  a  steam  turbine  generator  the  effect  is  large 
in  comparison  with  the  revohnng  part  of  the  generator,  so 
that  a  short  circuit  on  the  generator  would  transmit  a  great 
deal  of  stress  to  the  coupling. 

B.  G.  Lamme:  The  case  I  refer  to  was  an  engine-driven 
generator. 

Henry  G.  Reist:  On  engine-driven  generators  I  might  state 
that  I  have  not  found  much  sign  of  excess. 

In  regard  to  Mr.  Field's  paper,  I  heartily  agree  with  the 
author  and  I  would  like  to  add  that  the  engineers  of  this  coimtry 
should,  I  think,  as  rapidly  as  possible,  filter  the  air  for  turbine 
alternators.  It  is  done,  if  at  all  in  this  country,  practically  on 
a  very  small  scale,  but  it  is  a  matter  of  very  great  importance, 
a  method  of  great  merit,  and  this  country  is  far  behind  what  is 
being  done  in  Europe.     It  is  the  almost  imiversal  practise, 
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abroad,  to  have  the  air  for  cooling  turbine  alternators  filtered 
through  cotton  cloth  filters.  I  think  it  is  open  to  question 
whether  the  form  of  filter  that  they  use  in  Europe  is  the  best 
or  whether  some  other  form  may  not  be  better,  but  it  seems  to 
me  it  is  a  problem  that  American  engineers  should  work  out 
and  then  adopt  the  method  which  seems  to  be  best  adapted 
for  the  purpose. 

Comfort  A.  Adams :  There  is  one  point  that  I  wish  to  consider 
briefly;  it  relates  to  the  internal  and  transient  reactances. 
The  difficulty  in  dealing  with  the  internal  or  leakage  reactance  of 
an  alternator  armature  is  twofold.  Not  only  is  this  term  very 
loosely  defined  and  loosely  used,  but  the  quantity,  when  once 
defined  as  accurately  as  possible,  is  still  practically  impossible 
of  even  reasonably  accurate  measurement,  imless  defined  in 
terms  of  the  results  of  some  specific  tests,  in  which  case  the  result 
is  pretty  sure  to  involve  different  phenomena  in  different  types 
of  alternators.  It  is  even  more  difficult  to  compute  than  to 
measure,  and  there  is  no  accurate  method  of  checking  the  com- 
putations. For  example,  I  seriously  question  the  estimate  of  two 
per  cent  as  the  reactance  of  the  machine  in  question.  Ordinary 
short-cut  methods  of  computing  the  leakage  reactance  are  likely 
to  give  very  erroneous  results  when  applied  to  an  extreme  type 
of  alternator  such  as  that  referred  to  in  the  paper.  A  method 
which  serves  very  well  for  one  type  of  machine  may  be  useless  for 
another,  unless  it  is  completely  rational.  For  example,  any 
method  which  groups  the  coil-end  reactance  with  the  slot 
reactance  on  the  assumption  that  the  former  is  relatively  small 
or  that  it  bears  a  fixed  relation  to  the  latter,  will  yield  much 
too  small  results  for  this  type  of  machine,  since  the  slot  reactance 
is  inversely  proportional  to  the  peripheral  velocity,  other  things 
being  equal,  while  the  coil-end  reactance  is  roughly  proportional 
to  the  ratio  of  pole  pitch  to  gross  core  length,  and  otherwise 
independent  of  the  frequency  and  peripheral  velocity.  There 
would  thus  be  a  comparatively  small  change  in  the  coil-end  re- 
actance in  passing  from  an  engine-driven  altcmato  with  a  peri- 
pheral velocity  of  100  ft.  per  second,  to  a  turbo-alternator  at 
400  ft.  per  second,  while  the  slot  reactance  would  be  reduced 
to  about  one-fourth.  This  large  change  in  ratio  is  only  slightly 
neutralized  by  the  considerable  reduction  of  coil  pitch  common 
to  bipolar  machines,  since  this  change  affects  both  elements  in  the 
same  direction,  but  the  coil-end  reactance  in  the  greater  degree. 
The  belt  leakage  also  becomes  qxiite  appreciable  at  high  peripheral 
velocities,  although  it  varies  tremendously  with  the  coil  pitch, 
being  a  maximum  at  full  and  two-thirds  pitch,  and  a  minimum 
(practically  negUgible),at  |  and  J  pitch,  for  a  three-phase  machine. 

It  should  also  be  observed  that  the  definition  for  jcp  given 
in  the  middle  of  page  1663  is  merely  descriptive  or  qualitative 
rather  than  workably  quantitative,  owing  to  the  serious  difficulty 
in  defining  and  computing  the  field  reactance,  or  what  might  for 
the  present  purpose  be  more  appropriately  designated  the 
equivalent  field  reactance. 
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A  question  has  been  asked  in  this  discussion  as  to  the  cooling 
effect  of  moisture  in  the  air  supplied  to  a  piece  of  working 
apparatus.  I  have  had  recent  opportunity  to  observe  a  case 
where  the  temperature  rise  of  a  machine  under  test  was  reduced 
eight  deg.  cent,  or  25  per  cent  by  the  presence  of  considerable 
quantities  of  condensed  steam  in  the  air  supply.  After  the 
air  had  passed  through  the  machine  there  were  no  visible  signs 
of  the  moisture,  which  had  obviously  evaporated. 

A.  B.  Field:  It  is  very  satisfactory  to  find  engineers  of  the 
experience  of  Messrs.  Hobart  and  Reist  standing  out  for  air 
filtration  in  turbo  installations.  There  seems  little  doubt  that, 
if  our  manufacturing  companies  will  strongly  advocate  the 
adoption  of  such  processes,  the  operating  engineers  will  be 
only  too  ready  to  see  the  advantages  and  install  suitable 
apparatus. 

Professor  Adams  has  referred  to  the  reactance  introduced  by  the 
end  connections  of  the  stator  winding.  A  considerable  propor- 
tion of  the  reactance  which  is  effective  on  a  sudden  short  circuit 
is  due  to  the  part  of  the  winding  external  to  the  core. ,  However, 
in  large  two-pole  machines,  it  is  generally  not  feasible  to  adopt 
a  coil  pitch  which  is  equal  to  the  pole  pitch,  or  even  nearly  so. 
The  length  of  coil  external  to  the  core  is  already  much  greater 
than  that  of  the  buried  portion,  even  when  the  coil  is  chorded 
considerably;  the  difficulties  of  satisfactorily  clamping  the 
ends  increase  with  too  great  a  coil  throw;  the  rotor  span,  between 
journal  centers,  becomes  lengthened,  and  further,  in  those  cases 
in  which  complete  coils  are  used  instead  of  half  coils,  it  is  neces- 
sary to  proportion  the  coil  so  that  it  can  be  passed  through  the 
bore  of  the  stator  for  assembly  purposes. 

Sanford  A.  Moss  (communicated  after  adjournment):  Ex- 
ception must  be  taken  to  Mr.  Field's  statement  that  it  is  diffi- 
cult to  provide  for  efficient  and  satisfactory  blowers  mounted 
directly  on  the  rotor.  Considerable  experience  with  direct- 
mounted  blowers  of  the  type  shown*  in  Fig.  20  of  the  paper  by 
Messrs.  Hobart  and  Knowlton,  The  Squirrel- Cage  Induction 
Generator  y  shows  that  they  can  be  made  very  satisfactory. 

Blowers  of  this  type,  if  properly  designed,  and  if  made  with 
proper  diameters,  blade  angles,  etc.,  can  be  made  fully  as  efficient 
as  any  separately  connected  blower,  and  often  more  efficient. 
The  peripheral  speeds  are,  of  course,  very  high,  but  with  proper 
design  of  blades  this  does  not  serve  in  any  way  to  decrease  the 
efficiency.  One  fact  which  makes  a  properly  designed  direct- 
mounted  blower  more  efficient  than  a  separate  blower  is  that 
there  are  no  separate  rotation  losses.  The  blower,  being  mounted 
directly  on  the  rotor,  has  no  disk  losses  of  its  own.  Actual  tests 
of  machines  with  carefully  designed  blowers  of  the  type  above 
referred  to,  first  with  blower  vanes  removed  and  then  with  vanes 
in  place,  show  that  the  increased  power  required  for  driving 
bears  a  very  favorable  relation  to  the  theoretical  power  required 

*See  this  volume  of  the  Transactions,  page  1743. 
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for  compression  of  the  actually  measured  volume  of  air  to  the 
actually  measured  pressure. 

The  room  taken  by  the  blower  itself  is  negligible  and  does  not 
increase  the  length  of  shaft  in  the  designs  referred  to.  There  must 
always  be  a  certain  space  left  for  proper  passages  for  carrying 
the  air  to  the  various  parts  to  be  cooled.  These  air  passages 
must  exist  whether  the  blower  is  directly  mounted  or  separately 
mounted.  They,  of  course,  take  up  some  room,  which  is  ine\'it- 
able  and  due  to  the  necessity  of  ventilation,  not  to  the  direct 
mounting  of  the  blower  on  the  rotor.  The  use  of  air  filters 
with  the  direct-moiuited  blower  is  as  convenient  as,  if  not  more 
convenient  than  with  separate  blowers.  In  all  cases  air  should 
be  taken  from  some  outside  source  by  a  conduit  leading  to  the 
blower  inlet.  It  is  very  bad  practise  to  take  air  directly  from 
the  engine-room  even  with  a  direct-mounted  blower.  The  air 
filter  can,  therefore,  be  placed  at  the  beginning  of  the  conduit 
leading  the  air  to  the  blower. 

The  method  of  ventilation  by  use  of  a  high-pressure  jet  which 
Mr.  Field  mentions  would  be  very  inefficient.  Most  schemes  of 
moving  air  by  injector  action  entail  large  losses. 

H.  R.  Woodrow  (communicated  after  adjournment) :  I  would 
like  to  ask  the  question  why  the  reactance  of  the  field  circuit  and 
the  reactance  of  eddy-current  paths  on  contiguous  metal  masses 
reduced  to  armature  are  to  be  added,  since  they  are  in  parallel? 
And  also,  is  the  reactance  in  the  exponential  function  the  value 
called   "  transient  impedance**? 

The  maximum  instantaneous  torque  is  not  the  simi  of  the 
PR  losses  of  the  armatiu^,  but  many  times  that  value,  since 
there  is  considerable  energy  required  to  build  up  the  field  of  the 
armature  reactance.  Also  the  field  current  rises  to  enormous 
values,  requiring  energy  from  the  generator. 

Assuming  that  equation  (6),  in  the  pai)er  by  Messrs.  Durgin  and 
Whitehead,  is  correct  for  the  armature  current,  although  it  cannot 
hold  true  for  any  appreciable  length  of  time  (1  to  2  cycles) ,  that  is, 

E  "' 

ii-  jEl.  [cos  (0-60-01)   -  €    '    cos(do  +  di)], 


-^9 


where  the  voltage  is 

Ci  =  E  cos  {0  —  0o), 

the  instantaneous  power  is  equal  to 

p^^  eiii^^-cos{0''0o)[cos  {0-0o-'0i)-e    '    cos(flo+5i)] 

z 

or,  for  any  phase  a  in  an  n-phase  machine. 

P*  =  e»u  =  COS!  d  —  00  -\ 1 

2  \  n     / 

[cos  (d-eo-e,  +  -/}-  *"' '  ^°«  {^0  +  ^'+^)] 
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The  total  instantaneous  power  on  the  shaft  is  the  sum  of  that 
on  the  individual  phases: 

a-(ii-l) 


p  =  2  ^*  ^"^ 


which  reduces  to 


p=l-[  cos  (fli)-fl""  *'  cos  {e+  di)  ] 


If  z  is  represented  in  per  cent,  and  on  non-inductive  full  load 
2=1,    cos  B\  =  \  and  €    *     =0,  and  the  full-load  power  P  is 


Q  op 

P^^KE"  or  K^tr 


2--    -    -       3  £? 

Hence  the  instantaneous  value  of  power  in  terms  of  full-load 
power  is 

P  =    -^[COS  di   -   €      *       COS  {d  +  di)  ] 


and 


COS  fli  =  — 

z 


Then 


P  =  ^{j  -^'''  cos  («  +  «.)] 


and  the  instantaneous  power  is  independent  of  the  point  of  the 
voltage  wave  at  which  the  circuit  is  closed,  but  is  pulsating  in 
magnitude  so  long  as  the  transient  expression  of  current  exists. 
Assuming  the  expression  for  current  to  hold  true  for  the  first 
cycle,  and  a  condition  where 

X 

jc  =  10  r,   z  =  7  per  cent,    di  =  tan~^  —  =  84  deg.  18  min. 

and 

p  =  J^  [0.1  -  €-^1 '  cos  {6  +  84  deg.  18  min.)] 

the  instantaneous  values  of  power  or  torque  will  be  as  shown  in 
Curve   2,  on  the  following  page. 
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To  determine  the  maximum  point  of  the  torque,  differentiate 
the  above  expression  with  respect  to  time  6  and  equate  to  zero. 
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Max.  p  with  respect  to  the  armature  resistance  is  plotted  in 
Curve  1,  which  shows  that  the  maximum  instantaneous  power 
occurs  with  zero  armature  resistance  in  a  circuit  of  constant  re- 
actance. 

With  n  generators  operating  on  a  bus  when  a  short  circuit  of 
resistance  r  is  made  on  the  bus,  the  effect  on  the  individual 
generator  is  the  same  as  if  nXr  resistance  were  in  each  indi- 
vidual generator,  hence  the  maximum  instantaneous  torque 
on  the  individual  generators  occurs  with  but  one  machine  oper- 
ating on  the  bus. 

W.  L.  Waters  {communicated  after  adjoumnient) :  The  history 
of  the  turbo -generator  has  been  one  of  continually  increasing 
speed  to  meet  ihe  requirement  of  efficiency  in  the  steam  turbine. 
and  it  is  only  during  the  past  few  years  that  it  has  become  pos- 
sible to  operate  the  generator  at  any  speed  found  advisable  for 
the  turbine. 
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An  idea  of  the  progress  made  can  be  obtained  from  the  fact 
that  5000-kv-a.,  3600-rev.  per  min.  maximum  rated  units  have 
beeij  built  in  the  United  States,  and  6000-kv-a.,  3000-rev.  per 
min.  units  with  25  per  cent  overload  capacity  have  been  built 
in  Europe ;  while  I  understand  that  Mr.  Field  has  designed  and  is 
prepared  to  build  30,000-kv-a.,  maximum  rated,  25-cycle  genera- 
tors to  operate  at  1500  rev.  per  min.  The  question  of  high  speed 
vs.  low  speed  for  turbine  sets  is  similar  to  the  question  of  high- 
speed vs.  low-speed  steam  engines.  It  is  to  be  decided  by  the 
relative  cost,  floor  space,  maintenance,  and  efficiency  of  the  sets. 
One  handicap  of  the  high-speed  steam  engine  is  that  when  it 
gets  out  of  adjustment,  trouble  develops  very  much  more  rapidly 
than  with  the  corresponding  low  speed;  but  the  same  criticism 
hardly  applies  to  steam  turbine  sets,  as  there  is  practically  no 
difference  in  this  respect  between  an  1800-rev.  per  min.  and  a 
3600-rev.  per  min.  unit. 

The  phenomenon  which  takes  place  at  the  instant  of  short- 
circuiting  an  alternator  was  investigated  by  the  writer  a  number 
of  years  ago,  when  it  was  found  that  on  account  of  the  eddy  cur- 
rents there  was  a  time  lag  in  the  effect  of  the  armature  reaction 
in  reducing  the  flux.  So  that — as  I  think  was  first  stated  in  the 
paper  on  Non-Synchronous  Generators,  which  I  presented  before 
the  Institute  in  February,  1908 — the  instantaneous  rush  of  cur- 
rent at  the  moment  of  short  circuit  is  equal  to 

e.  m.  f. 


total  impedance  in  circuit 


About  the  time  this  was  published,  it  was  found  from  the 
oscillographic  records  that  the  value  of  the  first  few  waves  of 
current  is  dependent  upon  the  phase  of  the  voltage  at  the  moment 
of  short  circuit,  and  that — as  stated  by  Mr.  Field — the  first 
current  wave  can  have  a  value  approximately  double  that  given 
by  the  above  equation  if  the  short  circuit  occurs  at  the  instant 
when  the  e.m.f.  is  zero.  It  is  not  clear  to  me  what  Mr.  Field 
means  by  "  most  probable  "  value  of  the  initial  short-circuit 
current,  as  it  is  the  maximum  possible  value  that  we  most  pro- 
tect against.  For  this  reason,  a  short-circuit  test  on  an  a-c. 
generator  is  often  of  no  value,  as  it  may  happen  that  the  circuit 
is  closed  when  the  e.m.f.  is  a  maximum,  which  would  give  the 
lowest  value  of  the  initial  current  rush.  In  practical  operation, 
the  generator  might  be  thrown  on  the  busbars  with  a  bank  of 
similar  machines,  180  deg.  out  of  phase,  and  at  a  time  when  the 
e.m.f.  is  zero.  In  such  a  case,  the  first  rush  of  current  would  be 
four  times  as  great,  and  the  stresses  on  the  end  connections  of 
the  armature  coils  sixteen  times  as  great,  as  those  in  the  short- 
circuit  test.  As  to  the  question  of  the  capability  of  enduring 
the  short  circuit  likely  to  be  met  with  in  practical  operation, 
the  purchaser  is  to  a  great  extent  dependent  upon  the  manufac- 
turer.    Adequate  tests  are  almost  impossible  to  make,  and  in 
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addition,  are  somewhat  dangerous,  especially  in  large  vertical 
tinits,  on  account  of  the  mechanical  shock  to  the  machine  and 
the  violent  flashing  and  consequent  burning  of  the  rotor,  due  to 
heavy  induced  currents. 

As  Mr.  Field  points  out,  the  modem  tendency  is  to  design 
large  a-c.  generators  with  high  internal  self-induction,  and  con- 
sequent poor  regtdation,  in  order  to  reduce  the  stresses  on  the 
generator  and  system  generally  caused  by  short  circuits.  A 
voltage  regulator  seems  to  have  become  a  necessary  adjunct  of 
a  modem  power  station,  and  since  Mr.  Stott  has  successfully 
overcome  the  difficulty  of  applying  such  regulators  to  a  large 
system  like  the  Interborough  in  New  York,  the  day  of  closely 
regtdated  a-c.  generators  for  power  station  work  can  now  be  con- 
sidered as  past. 

The  practise  of  using  separate  blowers  and  filtering  the  air 
through  screens  offers  a  number  of  advantages,  but  requires  care- 
ful planning.  The  over-all  efficiency,  including  friction,  windage, 
and  blower  losses,  may  be  very  materially  reduced  with  an 
external  blower,  unless  the  station  is  very  carefully  laid  out;  and 
unless  the  filter  screens  are  cleaned  frequently,  they  merely 
obstruct  the  air  supply,  or  allow  all  the  dirt  to  pass  through.  If 
the  air  supply  to  the  screens  and  generator  is  at  all  dusty,  it  is 
practically  impossible  to  avoid  frequent  cleaning  of  the  air 
ducts  in  the  machine. 

I  think  that  Mr.  Field's  valuable  paper  would  be  more  com- 
plete if  he  emphasized  that  fact  that  the  operating  engineer  and 
purchaser  must  depend  to  a  great  extent  upon  the  ability  and 
integrity  of  the  manufacturer  for  the  most  suitable  design  for 
large  high-speed  units,  as  it  is  almost  impossible  to  make  specific 
tests  which  are  of  any  practical  value. 

When  the  Cos  Cob  power  station  of  the  New  York,  New  Haven 
and  Hartford  Railroad  was  first  operated,  five  years  ago,  numer- 
ous short  circuits  on  the  11, 000- volt  single-phase  system  were 
experienced;  and  this  was  probably  the  first  occasion  on  which 
phenomena  of  high-power  short  circuits  were  urgently  brought 
to  the  attention  of  engineers.  A  large  number  of  experiments 
were  carried  out  by  Mr.  Lamme  and  the  writer,  which  covered, 
to  a  great  extent,  the  subject  of  the  present  paper  by  Messrs. 
Durgin  and  Whitehead.  After  Mr.  Lamme  had  decided  to  in- 
stall external  reactance  coils  in  the  circuit  of  each  generator  (at 
that  time  quite  an  original  idea),  but  before  it  was  actually 
carried  out,  the  operating  engineers  tried  the  effect  of  inserting 
a  resistance  in  series  with  the  generator — this  being  accomplished 
by  connecting  a  feeder  two  miles  (3.2  km.)  long  permanently  in 
the  circuit  between  the  overhead  line  and  the  power  house.  The 
comparatively  small  resistance  inserted  had  an  extraordinarily 
good  effect  in  reducing  the  shock  of  short  circuits  on  the  power 
house — so  much  so  that  it  was  even  suggested  that  this  resist- 
ance be  left  in  circuit  and  the  reactance  coils  not  installed.  These 
results  started  us  investigating  the  relative  value  of  resistance 
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and  reactance  in  limiting  short  circuits.  Oscillographic  records 
of  the  current  obtained  under  different  conditions  were  found 
to  check  with  those  determined  theoretically  from  the  following 
well-known  equation  covering  sudden  changes  in  the  impedance 
of  a  power  circuit : 


/  =      , sin  pt  —  o) 

V  R^  +  p^U 


R 


^  / sing  -  g sin  g  -  (D  _\  ^  p'l  ^^-^  '> 

Where 

Rq  and  Lo  are  resistance  and  self-induction  of  circuit  beyond 
the  short  circuit, 

R  and  L  are  resistance  and  self-induction  of  generator  and 
circuit  inside  of  the  short  circuit, 

o,  =  tan-.^  a  =  tan-   ^(-^+i'•> 

/  =  current  E  =  e.m.f. 

6  =  value  of  />  /  at  instant  of  short  circuit 

p  =  2Tr  X  frequency  €  =  exponential 

/  =  time  measured  from  arbitrary  zero. 
Curves  similar  to  those  shown  in  Figs.  8,  10  and  12  in  Messrs. 
Durgin  and  Whitehead's  paper,  showing  the  beneficial  results 
of  the  presence  of  resistance  in  circuit,  were  soon  obtained — both 
theoretically  and  experimentally.  The  final  decision  to  adopt 
choke  coils,  rather  than  resistance,  to  limit  the  short-circuit 
shock  on  any  station ,  was  decided  by  the  disadvantage  caused  by 
the  waste  of  energy  in  the  resistance.  This  is  of  interest  historic- 
ally as  showing  the  steps  that  led  up  to  the  installation  of  choke 
coils  at  Cos  Cob,  which  set  a  precedent  for  what  has  now  become 
standard  practise  in  almost  all  new  large  power  stations. 

This  paper  is  an  extremely  useful  and  complete  explanation 
of  the  general  phenomena  of  the  a-c.  generator  short  circuits  and 
is  especially  valuable  as  being  based  upon  a  complete  series  of 
tests  under  practical  operating  conditions.  The  author's  re- 
marks in  reference  to  "  transient  reactance  **  in  an  a-c.  generator 
bring  to  mind  the  discussions  that  have  taken  place  during  the 
past  twenty  years  involving  the  question  of  the  self-induction 
of  an  alternator.  Those  who  have  followed  these  discussions 
know  what  was,  I  think,  first  pointed  out  fifteen  years  ago  by 
M.  Blondel,  that  the  term  "  self-induction  of  an  alternator  " 
is  a  meaningless  expression  until  a  definition  is  given  of  exactly 
what  is  meant.  The  e.m.f.  of  self -induction  in  any  electrical  cir- 
cuit is  the  e.m.f.  caused  by  the  time  rate  of  change  of  the  lines  of 
force  linking  with  the  circuit, and  due  to  the  current  in  that  circuit. 
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In  any  alternator,  this  is  an  extremely  complicated  phenomenon. 
The  self-induction  varies  with  the  reluctance  of  the  magnetic 
circuit,  which  again  varies  with  the  relative  position  of  the  iron 
and  electric  circuits  of  the  field  magnets  and  armature; 
and  also  depends  on  the  permeability  of  each  part  of  the  iron 
circuit,  which  again  varies  with  the  value  of  the  current.  The 
fact  that  the  '*  transient  reactance,*'  as  found  by  experiments, 
appeared  to  be  only  28  per  cent  of  that  calculated  by  the  authors, 
is  not  surprising,  and  only  emphasizes  the  necessity  of  depending 
upon  experiments  and  actual  tests,  rather  than  upon  calcula- 
tions based  necessarily  upon  assumptions. 

William  A.  Durgin  (by  letter):  Some  confusion  seems  to 
prevail  as  to  the  purpose  of  this  paper.  It  does  not  at  all  claim 
to  give  a  method  of  computing  the  transient  reactance  from 
design  data,  nor  to  substantiate  the  existence  of  any  actual  simple 
inductive  characteristic,  but  it  is  intended  to  show  the  value  of 
the  conception  "transient  reactance"  in  certain  useful  com- 
putations, based  on  low-voltage  short-circuit  tests  that  can  be 
readily  made  on  any  alternator  without  the  slightest  hazard  to 
the  unit. 

We  fully  appreciate  the  fictitious  nature  of  the  conception, 
and  in  such  equations  as  (4)  we  have  tried  to  show  merely  a 
descriptive  relation,  being  under  no  delusion  as  to  the  possibility 
of  actually  computing  the  components.  Transient  reactance 
is  no  more  real  than  the  self -inductive  reactance  of  the  armature, 
the  s)mchronous  reactance  of  the  machine  or  any  of  the  many 
other  terms  which  are  commonly  accepted  as  convenient  names 
for  covering  complex  relations  which  enter  our  work  as  a  single 
quantity. 

The  paper  shows  that  the  maximum  initial  peaks  of  short- 
circuit  currents  obtained  on  a  large  number  of  tests  are  limited 
by  reactions  having  a  reasonably  constant  combined  effect,  and 
results  of  practical  value  arc  obtained  by  considering  the  effect 
as  due  to  a  single  reactance  of  transient  character. 

The  discussion  of  torque  in  the  paper  is  in  error  in  that  it 
refers  to  the  torque  developed  by  conversion  of  energy  into  heat 
as  the  total  torque  on  the  unit.  Under  the  conditions  assumed, 
this  torque  is  in  reality  only  that  portion  of  the  total  which  is 
transmitted  to  the  external  circuit.  Consequently,  the  torque 
curves  shown  in  Figs.  12  and  13  indicate  the  magnitude  of  energy 
to  be  ruptured  by  main  oil  switches,  to  be  transmitted  through 
station  buses  and  to  be  consumed  in  cables  or  at  faults,  rather 
than  the  total  torque  developed  within  the  alternator.  The 
true  total  torque  contains,  in  addition  to  the  PR  torque  con- 
sidered, a  term  representing  the  storage  of  energy  in  the  field, 
which  can  be  shown  to  equal 
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The  combination  of  this  latter  equation  with  equation  (20)  of 
the  paper  j^ivcs  for  the  total  torque  developed : 


3  (£«o)2 
2    Z' 
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This  is  easily  shown  to  be  a  maximum  when  ff  =■  ^,  and  in  con- 

r 
sequence,    the   maximum    torque   for   any    given    value   of — • 


IS 


'I       F2   /  nr\ 


a  result  which  agrees  with  that  derived  by  Mr.  Woo<lrow,  from 
a  somewhat  different  line  of  reasoning. 

It  is  to  be  noted,  however,  that  these  latter  results  are  in  reality 
based  on  the  assumption  that  the  transient  reactance  is  a  true 
inductive  effect  from  which  the  equivalent  inductance  can  be 
computed  and  that,  therefore,  although  the  results  may  be  taken 
as  indicating  maximum  limits  which  the  actual  torque  will  never 
exceed,  they  are  open  to  more  serious  question  than  those 
deduced  for  the  values  of  current  and  PR  torque. 

The  importance  of  short-circuit  torque  in  practical  operation, 
as  has  been  indicated  elsewhere  in  the  discussion,  is  less  with 
units  of  more  recent  design,  but  a  few  years  ago  a  generator 
armature  sometimes  sheared  its  frame  bolts  and  turned  perhaps 
90  deg.  about  its  axis  when  subjected  to  heavy  short  circuit. 


A  paper  presented  at  the  29th  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28,  1012. 
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DETERMINATION       OF       POWER    EFFICIENCY     OF 
ROTATING  ELECTRIC  MACHINES 

Summation  of  Losses  Versus  Input-Output  Tests 


BY    E.    M.    OLIN 


Recently  there  has  been  a  considerable  movement  on  the  part* 
of  several  large  buyers  of  electrical  apparatus  to  the  end  that 
efficiency  tests  of  rotating  apparatus  be  made  by  input-output 
measurement  rather  than  by  the  summation  of  separate  losses. 

The  National  Electric  L'^^hl  Association  has  also  lent  its  ap- 
proval to  this  movement. 

Paragraph  92  of  the  Standardization  Rules  of  this  Institute, 
headed  ''  Comj)arison  of  Methods  "  (for  the  determination  of  effi- 
ciency), states  '*  The  output  and  input  method  is  preferable 
with  small  machines.  When,  however,  as  in  the  case  of  large 
machines,  it  is  i!nj)racticable  to  measure  the  output  and  input,  or 
when  the  percentage  of  power  loss  is  small  and  the  efficiency 
is  nearly  unity,  the  method  of  determining  efficiency  by  meas- 
uring the  losses  should  be  followed.'' 

The  terms  "  small  machines  ''  and  '*  large  machines  "  in  this 
paragraph  are  indefinite  and  unsatisfactory.  The  purpose  of 
this  paper  is  to  discuss  both  methods  and  from  a  consideration 
of  certain  data  to  show  that  efficiencies  can  be  satisfactorily 
computed  from  no-load  losses  in  all  cases,  provided  empirical 
correcting  factors  are  used  therewith  to  compensate  for  load 
losses,  and  that  efficiencies  so  calculated  will  in  general  be  much 
nearer  the  true  values  than  those  made  by  the  average  input- 
output   test. 

It  is  well  known  that  certain  of  the  losses  occurring  in  elcc- 
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trical  machines  can  be  accurately  determined  from  no-load 
meastirements.  Some  of  the  losses,  however,  cannot  be  so 
determined,  as,  owing  to  conditions  which  develop,  as  load  is 
applied  a  gradual  increase  in  these  losses  takes  place. 

The  difference  between  the  total  losses  under  load  and  the 
sum  of  the  separate  losses  as  determined  from  no-load  measure- 
ments is  commonly  known  as  "  load  loss." 

It  is  proposed  by  the  writer  to  indicate  a  method  which  will 
establish  the  ratio  of  this  load  loss  to  the  losses  indicated  by  the 
no-load  meastu'ements.  This  ratio  will  vary  for  different  types 
of  apparatus. 

Briefly  stated,  the  method  proposed  is  as  follows: 

From  a  series  of  reliable  input-output  tests  derive  the  actual 
losses  of  a  large  nimiber  of  machines  of  varying  types  and  sizes. 

Determine  the  losses  of  these  same  machines  by  the  summa- 
tion of  loss  method  without  increasing  the  separate  losses  to 
allow  for  field  distortion  or  other  load  factors. 

The  difference  in  the  losses  as  found  by  the  two  methods  will 
be  the  so-called  load  loss. 

Having  determined  the  magnitude  of  this  load  loss  for  different 
types  and  sizes  of  apparatus,  derive  multiplying  constants  which 
can  be  applied  to  the  separate  loss  values  to  obtain  their  true 
values  under  load. 

It  is  highly  desirable  to  use  the  separate  loss  measurements  for 
computing  efficiency  for  the  following  reasons : 

The  necessary  tests  are  simple  and  require  but  few  observers. 
For  that  reason  they  can  be  easily  and  accurately  taken. 

On  the  other  hand  the  input-output  test  is  complicated,  and  if 
the  desired  accuracy  is  fo  be  obtained  it  must  be  carried  on  with 
all  the  safeguards  and  refinements  employed  in  the  most  delicate 
laboratory  work.  For  that  reason  only  the  most  expert  operators 
can  be  used.  A  large  number  of  simultaneous  readings  are  re- 
quired and  the  errors  of  observation  are  likely  to  be  additive. 
Experience  has  shown  that  repeated  tests  must  be  made  before 
consistent  results  are  obtained. 

According  to  the  Standardization  Rules  of  this  Institute  (para- 
graphs 7  to  21)  the  term  **  Rotating  Machines  "  includes: 

a.  Direct-current  generators 

b.  Alternators 

c.  Double-current  generators 

d.  Induction  generators 

e.  Boosters 


Idl2l  OUN:  POWER   EFFICIENCY  1697 

f.  Direct-current   motors 

g.  Alternating-current    motors 
h.  Synchronous  condensers 

i.  Motor-generators 
j.  Dynamotors 


k.  Converters 


Direct-current  converters 
Synchronous  converters  (rotaries) 
Motor  converters 
Frequency  changers 
Rotary  phase  converters 


(a)  (b)  (c)  (d)  and  (e)  may  be  driven  by  prime  movers  or  by 
motors.     When  motor-driven  they  are  included  under  class  (i). 

The  most  ardent  advocate  of  the  input-output  test  would 
hardly  recommend  this  method  for  generators  driven  by  prime 
movers,  involving  as  it  would  the  determination  of  mechanical 
power  delivered  at  the  shaft  of  the  generator,  so  we  can  at  once 
dismiss  the  first  five  items  from  our  consideration. 

The  power  efficiency  of  the  s>'Tichronous  condenser  running 
idle  is  nil  and  when  running  under  load  this  type  falls  under 
(g) ,  so  that  we  need  not  consider  it  in  a  special  class. 

There  remain  then  for  our  attention  the  following: 

1.  Motors. 

2.  Motor-generators. 

3.  Dynamotors. 

4.  Converters. 

1.  Motors.  The  efficiency  of  motors  may  be  determined  by 
measuring  the  losses  and  subtracting  them  from  the  input  to 
derive  the  output  or  by  measuring  the  input  and  output  directly. 
In  the  latter  case  the  mechanical  output  is  measured  by  some 
form  of  brake  or  other  dynamometer. 

2.  Motor-Generators;  3.  Dynamotors;  4.  Converters.  The 
efficiency  of  a  motor-generator,  dynamotor  or  converter  may 
be  determined  by  measuring  the  losses  and  adding  them  to  the 
output  to  derive  the  input,  or  by  measiuing  the  input  and  out- 
put directly.  In  the  latter  case  simultaneous  readings  of  the 
electrical  input  and  output  are  taken  with  suitable  measuring 
instruments. 

The  losses  which  take  place  in  rotating  electrical  apparatus 
are  well  known.     Briefly  stated  they  are: 


Frictional  losses 


of  shafts  with  bearings 

of  brushes  with  commutators 

of  brushes  with  collector  rings 

of  rotating  element  with  air  (windage) 


I^r  losses 
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• 

a.  Due  to  the  resistance  of  windings,  brushes  and  sliding 
contacts  to  useful  current  flowing  in  the  apparatus. 

b.  Due  to  the  resistance  of  any  part  of  the  apparatus  to 
non-useful  current.     These  losses  include  the  following: 

Losses  due  to  eddy  currents  in  the  copper  conductors, 
laminations,  pole  faces,  damper  windings  and  other 
metallic  parts. 

Losses  in  armature  coils  and  commutator  leads  which 
are  short-circuited  by  the  brushes. 

I^r  losses  in  multiple-circuit  windings. 

Hysteresis  or  molecular  magnetic  friction. 

To  derive  efficiency  by  the  separate  loss  method  it  is  necessary: 

1.  To  determine  the  resistance  of  windings,  brushes  and  sliding 
contacts  at  a  known  temperature. 

2.  To  determine  the  regulation  with  reference  to  speed, 
voltage,  and  current  flowing  in  the  various  windings. 

3.  To  determine  the  frictional  losses  over  the  range  of  speed 
indicated  by  the  regulation. 

4.  To  determine  the  **  rotation  loss  **  (commonly  known  as 
the  **  core  loss.**)  This  loss  includes  hysteresis,  the  eddy  current 
losses  in  iron,  copper  and  other  metallic  parts,  Pr  losses  in  cross 
connections  and  Pr  losses  in  armature  coils  and  armature  leads 
which  are  short-circuited  by  the  brushes,  so  far  as  these  losses  are 
due  to  rotation. 

5.  To  determine  the  eddy  current  losses  in  the  iron  and  espe- 
cially in  the  copper  conductors,  so  far  as  these  losses  are  due  to 
stray  fields  set  up  by  useful  currents  flowing  in  the  windings. 

6.  To  determine  the  alternating  or  transformer  loss.  This  loss 
occurs  only  in  machines  whose  field  windings  are  excited  with 
alternating  current,  as  in  the  case  of  a-c.  commutator  motors. 
It  includes  hysteresis  and  eddy  current  losses  due  to  the  alterna- 
tion of  the  magnetic  field,  Pr  losses  in  cross-connections  of 
armatures  and  Pr  losses  in  armature  coils  and  commutator  leads 
which  are  short-circuited  by  the  brushes,  s  )  far  as  these  losses  are 
due  to  the  alternation  of  the  magnetic  field. 

1.  Resistances.  The  resistances  of  windings  can  be  measured 
with  the  greatest  accuracy  by  several  well  known  methods, 
which  need  not  be  discussed  here. 

The  resistance  of  brushes  and  sliding  contacts  can  also  be  de- 
termined with  precision.  The  method  is  as  follows:  Current 
of  normal  characteristics  from  an  external  source  is  sent  through 
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the  brushes  and  sliding  contacts  while  operating  at  normal  speed, 
the  fall  of  potential  indicating  the  resistance.  A  commutator  or 
set  of  collector  rings,  for  example,  is  assembled  for  rotation  with 
its  brush  holder  and  brushes,  but  without  connections  to  the 
armature  windings.  In  the  case  of  the  commutator  the  bars 
are  short-circuited  by  band  wires  at  the  ends.  The  apparatus 
is  then  driven  at  normal  speed  and  the  brush  holders  placed  in 
series  with  current  of  normal  characteristics  from  an  external 
source.  The  fall  of  i)otential  across  the  brush  holders  indicates 
the  resistance  of  brushes  and  sliding  contacts.  Such  tests  have 
been  made  repeatedly  by  various  engineers,  and  the  values  for 
different  grades  of  carbon  or  copper  brushes  with  varying  speed 
and  brush  densities  have  been  accurately  determined.  So  that 
in  computing  the  loss  due  to  the  resistance  of  brushes  and  slid- 
ing contacts  it  is  usual  to  refer  to  data  already  compiled  rather 
than  actually  to  measure  the  resistance  in  each  particular  case. 

2.  Regulation.  What  constitutes  regulation  is  defined  in  para- 
graphs 187-203  of  the  Standardization  Rules  and  the  conditions 
for  and  tests  of  regulation  arc  covered  by  paragraphs  204-209. 

It  is'  necessary  to  determine  over  the  entire  range  of  load,  (A) 
speed,  (B)  voltage,  (C)  current  flowing  in  the  windings. 

The  apparatus  should  be  operated  under  normal  conditions  if 
possible,  but  when,  as  in  the  case  of  large  machines,  it  is  imprac- 
ticable to  make  actual  load  tests  the  regulation  can  be  approxi- 
mately determined  from  data  taken  at  no-load.  Such  regula- 
tions are  sufficiently  accurate  for  efficiency  determination  by  the 
summation  of  loss  method. 

3.  Frictional  Losses.  Losses  due  to  mechanical  friction,  in- 
cluding windage,  are  independent  of  the  load.  The  most  satis- 
factory method  for  measuring  these  losses  is  by  separate  drive 
from  an  independent  motor,  preferably  of  the  direct-ciurent,  com- 
mutating  pole  type.  The  apparatus  is  driven  at  normal  speed  on 
open  circuit  without  current  in  any  winding.  When  so  opera- 
ting, the  input  to  the  driving  motor  is  greater  than  its  own  no-load 
losses  by  an  amount  equal  to  the  frictional  losses  of  the  driven 
apparatus  ])lus  a  small  increase  due  to  load  loss  in  the  driving 
motor  itself.     This  load  loss  is  composed  as  follows: 

a.  The  increased  Pr  loss  in  the  armature  circuit. 

b.  The  increased  rotation  loss  due  to  field  distortion. 

c.  Eddy  current  losses  caused  by  the  stray  fields  of  useful 
currents  in  the  armature  circuit. 
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(a)  can  be  computed  by  a  simple  calculation  involving  the 
known  current  flowing  and  the  resistance  of  the  armature  circuit 
(copper  conductors,  brushes  and  sliding  contacts). 

(b)  cannot  be  satisfactorily  determined  by  the  separate  loss 
method,  as  will  be  pointed  out  under  "  Rotation  Loss."  It  is 
usually  disregarded  in  figuring  the  increased  power  input  to  the 
driving  motor. 

(c)  is  usually  so  small  in  motors  of  this  type  that  it  can  be 
ignored.  In  fact  it  is  customary  to  ignore  (a)  (b)  and  (c)in 
measuring  frictional  and  rotation  losses.  It  is  to  be  noted,  how- 
ever, that  the  error  introduced  by  so  doing  lowers  the  calculated 
efficiency,  since  the  loss  is  incorrectly  charged  to  the  driven 
machine  instead  of  to  the  driving  motor. 

To  determine  the  frictional  loss  at  a  given  speed  it  follows  that 
two  power  input  readings  to  the  driving  motor  are  necessary,  one 
when  driving  the  machine  imder  test  and  the  other  when  run- 
ning free  at  the  same  armature  voltage  and  speed. 

4.  Rotation  Loss,  In  determining  the  rotation  loss  of  induc- 
tion motors  the  apparatus  is  operated  at  no-load  and  normal 
voltage,  the  power  input  under  these  conditions  being  the  sum 
of  the  frictional  losses,  the  rotation  loss,  and  a  small  copper  loss 
due  to  the  no-load  current  in  the  windings.  The  rotation  loss 
can  then  be  segregated  by  subtracting  from  this  result  the  fric- 
tional loss  as  determined  above,  and  the  copper  loss  as  com- 
puted from  the  current  flowing  and  the  resistance. 

In  all  other  rotating  apparatus  the  rotation  loss  is  best 
measured  on  open  circuit  by  the  separate  drive  method  in  a  man- 
ner similar  to  that  described  under  "  Frictional  Losses." 

The  power  input  to  the  driving  motor  is  noted  with  the 
fields  of  the  driven  apparatus  charged,  and  with  the  fields  un- 
charged, the  difference  in  the  input,  when  corrected  for  the 
driving  motor  loss,  being  the  "  rotation  loss." 

This  loss  is  composed  of  two  parts : 

m.  Hysteresis  and  eddy  current  losses  caused  by  rotation 

through  the  magnetic  field, 
n.    Pr  losses  in  cross-connections  of  armature. 

Pr  losses  in  armature  coils  and  armature  leads  which  are 
short-circuited  by  the  brushes. 

Pr  losses  which  may  exist  in  multiple-circuit  windings. 

That  part  of  the  "  rotation  loss  "  due  to  hysteresis  and  eddy 
currents  will  increase  somewhat  under  actual  load  conditions 
over  its  value  at  no-load  as  measured  above.     This  increase  is  due 
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to  field  distortion  and  may  be  a  considerable  percentage  of  the 
value  measured  at  no-load. 

There  is  no  satisfactory  method  of  computing  from  no-load 
readings  the  increased  rotation  loss  due  to  field  distortion  under 
load. 

The  Pr  losses  in  cross-connections  of  armatures  and  the  Pr 
losses  in  armature  coils  and  armature  leads  which  are  short- 
circuited  by  the  brushes  depend  upon  the  voltage  and  are  inde- 
pendent of  the  load.  That  part  of  the  "  rotation  loss  "  due 
to  these  factors  may  be  assumed  to  be  correct  for  all  loads  as 
measured  by  the  separate  drive  method  at  no-load. 

5.  The  losses  in  the  iron,  and  especially  in  the  copper  conduct- 
ors, due  to  eddy  currents  from  stray  fields  set  up  by  useful  cur- 
rents flowing  in  the  windings,  are  often  a  considerable  item,  par- 
ticularly in  machines  having  deep  slots  with  conductors  of  large 
cross-sections. 

These  losses  may  be  approximately  determined  in  certain 
types  of  machines  by  operating  them  on  short  circuit  at  several 
different  speeds  and  cturrents. 

Paragraph  167  of  the  Standardization  Rules  described  this 
method  as  applied  to  induction  motors.  Some  modifications 
must  be  made,  however,  in  order  to  obtain  accurate  results.  This 
paragraph  states  *'  These  losses  (load  losses)  may  for  practical 
purposes  be  determined  by  measuring  the  total  power,  with  the 
rotor  short-circuited  at  standstill  and  a  current  in  the  primary 
circuit  equal  to  the  primary  energy  current  at  full  load.  The 
loss  in  the  motor  under  these  conditions  may  be  assumed  to  be 
equal  to  the  load  losses  plus  Pr  losses  in  both  primary  and  sec- 
ondary coils." 

It  is  to  be  noted  that  with  the  rotor  at  standstill,  and  current 
of  normal  characteristics  flowing  in  the  primary,  the  frequency 
of  the  secondary  current  is  the  same  as  that  of  the  primary.  In 
practise,  however,  the  frequency  of  the  secondary  (which  is  pro- 
portional to  the  slip)  is  very  low.  Therefore  the  losses  due  to 
eddies  in  the  secondary  conductors  will  be  greatly  magnified 
durinj^^  the  above  test  because  of  the  high  frequency. 

To  approximate  these  losses  more  nearly,  a  series  of  read- 
ings should  be  taken  with  currents  of  varying  frequency  in 
the  primary  windings.  This  varying  frequency  should  be 
brought  down  to  as  low  a  value  as  practicable.  A  comparison  of 
the  values  thus  obtained  will  indicate  the  losses Junder  normal 
conditions. 
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The  power  input  during  these  tests  will  of  course  include  the 
ordinary  Pr  losses  of  primary  and  secondary  windings.  These 
must  be  subtracted  from  the  total  input  readings  to  arrive  at  the 
loss  due  to  eddies. 

There  is  no  satisfactory  no-load  method  of  measuring  this  eddy 
current  loss  in  the  case  of  direct-current  motors  and  generators 
and  in  alternating-current  machines  of  the  synchronous  type. 
When  operating  such  machines  on  short  circuit  so  many  other 
losses  occur  that  it  is  practically  impossible  to  segregate  the 
eddy  current  loss  due  to  the  stray  fields  set  up  by  currents  flow- 
ing in  the  windings. 

6.  The  alternating  or  transformer  loss  is  measured  simul- 
taneotisly  with  the  "  rotation  loss  "  by  noting  the  power  con- 
sumed by  a  wattmeter  connected  across  the  field  circuit.  A 
wattmeter  so  connected  will  measure 

a.  The  Pr  loss  of  the  field  windings. 

b.  The  Pr  loss  of  armature  coils  and  commutator  leads  which 
are  short-circuited  by  the  brushes,  so  far  as  these  losses  are  due 
to  the  alternation  of  the  magnetic  field. 

c.  Hysteresis  and  eddy  current  losses  due  to  the  alternation  of 
the  magnetic  field. 

(a)  can  be  computed  from  the  measured  resistance  and 
known  current  flowing. 

(b)  can  be  separated  from  the  other  losses  by  running 
the  machine  with  and  without  brushes  on  the  commu- 
tator. 

(c)  is  the  difference  between  the  total  watts  and  the  sum 
of  (a)  and  (b). 

The  alternating  or  transformer  loss  is  equal  to  the  sum  of  (b) 
and  (c).* 

This  loss  is  a  function  of  the  alternating  current  in  the  field 
windings,  and  for  any  given  current  will  be  the  same  whether  the 
motor  is  doing  work  or  is  running  free,  driven  from  a  separate 
motor. 

The  general  expressions  for  calculating  efficiency  by  the 
Summation  of  Loss  Method  are  as  follows : 

*An  exception  is  to  be  noted  in  alternating-current  commutating  motors 
where  commutating  compensation  is  obtained  by  the  use  of  a  cross  field. 
Under  [this  condition  a  portion  of  the  loss  ordinarily  supplied  by  the 
alternating-current  exciting  current  will  be  furnished  by  the  driving 
motor. 
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For  Motors 


For 


Efficiency 

Motor-Generators 
Dynamotors  Efficiency 

Converters 


Input  —  Losaeg 
Input 

Output 

iDutput  +  Lo6ses 


Losses  =  Vr,.K  +  I^F  +  We  +  W^.  .+  Wr 


Where  TFi«e 


W^ 
W^ 
W^ 


W, 


Watts  lost  due  to  the  resistance  of  windingSi 

brushes  and  sliding  contacts  to  useful  current 

flowing. 

Watts  lost  in  friction. 

Rotation  loss. 

Watts  lost  due  to  eddy  currents  in  iron  and 

especially  in  copper  conductors  caused  by  the 

stray  ficdd  of  useful  currents  flowing  in  the 

windings. 

Transformer  or  alternating  loss. 


Before  proceeding  ftirther  we  will  examine  some  data  relating 
to  the  separate  losses  of  rotating  apparatus  as  compared  with  the 
rated  output.  The  no-load  values  of  Wn  are  given  in  these 
data.  No  values  of  Wm  are  shown,  as  this  loss  was  not  investi* 
gated  in  the  case  of  machines  given  in  these  lists. 


Apparatus 

Description 

Rating 

Per  cant  of  rated  oatirat 

Output 

Pro- 

WiUl 

Wr 

Wm 

Wt 

Total 

h.p. 

quency 
cycles 

loMaa 

Direct-current 

Commutating 

25 

8.90 

1.77 

1.65 

12.82 

motors 

pole 

35 

6.25 

1.95 

2.74 

10.04 

40 

5.50 

2.48 

2.40 

10.88 

50 

4.65 

1.87 

2.06 

8.60 

60 

5.24 

1.80 

1.70 

8.74 

75 

6.10 

1.64 

1.64 

9.88 

75 

4.10 

1.00 

1.78 

7.48 

76 

6.00 

1.02 

1.81 

8.88 

100 

7.15 

1.04 

1.15 

0.84 

350 

6.95 

0.61 

O.M 

8.82 

270 

7.55 

0.60 

0.72 

8.06 

300 

3.92 

0.80 

2.41 

7.22 
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Apparatus 

Description 

Rating 

Per  cent  of  rated  output 

Output 
h.p. 

Fre- 
quency 
cycles 

Wl*R 

Ww 

Wr 

Wr 

Total 
losses 

Direct-current 

Non-commu- 

6 

13.20 

2.07 

3.46 

, 

18.70 

motors 

tating    pole 

90 

11.30 

2.38 

0.95 

14.68 

, 

400 

4  60 

0  93 

3.74 

9.27 

Synchronous 

290 

60 

1.47 

1.94 

2.43 

6.84 

motors 

720 

25 

1.89 

1.73 

3.79 

7.41 

1080 

25 

1.29 

1.25 

1.99 

4.63 

2860 

50 

1.65 

1.28 

1.90 

4.83 

3000 

60 

0.70 

0.73 

2.73 

4.16 

Alternating- 

Series  type 

150 

7.60 

3.18 

2.39 

3.16 

16.33 

commutator 

315 

6.30 

2.77 

2.20 

3.42 

13.69 

motor 

Induction 

Wound 

7* 

60 

10.00 

4.28 

4.00 

14.28 

motors 

secondary 

50 

60 

3.60 

3.22 

3.63 

10.46 

76 

60 

6.95 

2.14 

2.02 

10.11 

150 

60 

2.19 

1.87 

2.38 

6.44 

200 

60 

6.34 

1.68 

3.69 

10.71 

350 

60 

5.40 

1.46 

2.30 

9.16 

'       500 

60 

3.77 

1.66 

2.06 

7.49 

1     1200 

60 

1.42 

1.79 

1.67 

4.88 

1     3000 

25 

5.20 

0.90 

1.62 

7.62 

,         11 

60 

10.30 

1.71 

6.23 

18.24 

18 

60 

9.26 

1.87 

6.13 

17.26 

25 

60 

4.65 

1.88 

5.42 

11.86 

35 

5.15 

1.53 

9.25 

15.93 

i         75 

60 

3.85 

1.34 

5.80 

10.99 

!       100 

25 

9.00 

2.28 

6.30 

17.58 

!       125 

60 

10.60 

1.29 

5.15 

16.94 

1                             !       225 

60 

6.85 

0.65 

3.10 

10.60 

Induction 

Cage                     5 

60 

10.82 

2.28 

4.50 

17.60 

motors 

secondary               20 

50 

4.07 

2.35 

4.56 

10.98 

20 

60 

1 1  .  35 

2.15 

3.39 

16.90 

40 

1 

50 

4.82 

1.08 

6.22 

12.72 

i 

20 

60 

3.46 

1.47 

3.55 

8.48 

1         50 

GO 

3.73 

0.59 

1.96 

6.28 

1         ^ 

25 

3.35 

0.86 

2  76 

6.97 

'         75 

1 

25 

3.74 

0.82 

1.60 

6.06 

150 

j 

60 

1.90 

2.32 

3.22 

7.44 

1            2 

60 

8.58 

4.02 

4.50 

17.10 

i            ^ 

60 

4.22 

6.30 

2.98 

13.50 

20 

60 

5.30 

1.61 

3.17 

10.08 

'         30 

60 

2.37 

5.35 

1.45 

9.17 

i         40 

25 

6.10 

2.68 

2.01 

10.79 

1        100 

60 

2.07 

1.72 

1.96 

5.75 

1        125 

60 

1.92 

2.57 

2  25 

0.74 

1       200 

25 

4.71 

0.87 

2  69 

7.50 

300 

60 

5.06 

1.70 

1.90 

8.60 

1       450 

60 

4.08 

1.67 

2.91 

8.60 

I-      750 

25 

4.90 

0.72 

3.03 

1      8.65  1 
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Apparatus 

Description 

Rating 

1 

Per  cent  of  rated  oatpok 

>  Output 

Fre- 

Total 

kw. 

quency 
cycles 

iri«s 

W9 

Wm 

m 

JoseeB 

Direct-current 

1 
Com  mutating     !        20 

5.15 

6.03 

8.60 

14.78 

generators 

pole                     75 

6.20 

1.58 

2.40 

10.22 

!       100 

4.80 

1.40 

2.15 

8.50 

150 

3.72 

8.24 

2.18 

0.00 

150 

3.75 

8.04 

8.00 

0.70 

1       150 

4.85 

2.00 

1.80 

0.05 

175 

5.51 

1.28 

4.45 

11.84 

200 

3.00 

2.25 

2.14 

8.88 

200 

4.08 

2.85 

1.61 

7.88 

'       200 

5.10 

1.05 

2.02 

0.07 

200 

4.84 

1.02 

2.80 

8.00 

200 

3.87 

2.87 

1.08 

7.80 

250. 

4.85 

4.00 

1.45 

10.80 

250 

4.17 

1.70 

1.82 

7.00 

800 

8.40 

2.88 

2.48 

8.81 

800 

3.58 

2.27 

1.82 

7.17 

m 

800 

8.20 

1.28 

1.00 

0.47 

400 

2.85 

2.11 

1.00 

5.00 

400 

8.84 

8.80 

1.06 

8.98 

500 

2.57 

1.78 

2.06 

6.88 

500 

8.50 

1.06 

1.88 

7.08 

600 

2.88 

1.07 

1.50 

0.88 

750 

3.21 

1.20 

2.33 

6.74 

750 

3.71 

2.07 

2.54 

8.82 

1000 

2.75 

1.00 

2.70 

6.45 

1000 

2.00 

2.15 

1.75 

6.80 

1000 

2.46 

1.55 

2.42 

6.48 

1500 

3.35 

1.76 

1.03 

7.04 

Direct-current 

Non-commuta- 

12  5 

8.20 

2.64 

2.84 

18.68 

generators 

ting  pole 

40 

6.75 

1.77 

1.16 

0.68 

100 

6.78 

0.52 

1.52 

8.88 

300 

3.70 

1.44 

2.07 

7.80 

Alternating- 

100 

60 

2.78 

1.06 

3.50 

7.80 

current 

100 

00 

6.14 

0.82 

8.30 

10.28 

generators 

125 

60 

3.10 

8.70 

2.07 

0.80 

200 

00 

2.58 

1.72 

2.45 

0.75 

300 

25 

1.77 

0.71 

8.83 

5.81 

800 

60 

1.80 

1.00 

2.40 

6.10 

333 

00 

0.83 

1.47 

2.04 

5.24 

400 

00 

2.04 

0.61 

8.00 

6.25 

500 

25 

2.25 

0.50 

1.42 

4.17 

500 

00 

0.65 

3.66 

4.16 

8.47 

600 

60 

0.83 

1.70 

2  27 

4.80 

■ 

700 

00 

1.65 

0.04 

1.80 

4.45 

785 

60 

1.52 

0.70 

1.87 

8.40 

1000 

60 

1.67 

1.52 

1.88 

'  5.08 

1000 

60 

0.74 

4.10 

1.60 

6.50. 

1250 

60 

1.25 

0.83 

2.66 

4.78 

1250 

60 

1.04 

0.83 

2.50 

4.40 

• 

i 
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■l 

n« 

Per  cent  al  rited  ootput 

iption        '  Output 

Pre. 

--I  -,U.iv- 

kw 

1 

'SSI 

.            1                   [                   [      IMM. 

'     1500 

00 

0.6«  ,  3  lA 

3:,.  1    ..»  1 

1000 

60 

03      092 

05 

Rtiwnton 

'    zooo 

60 

20      1.19 

S3          4 

asoo 

flO 

98 

3000 

60 

es    201 

46  1       5 

43 

3000 

60 

Vfl      1  4T 

57  1       4 

SO 

1     3000 

00  1      « 

34 

■     3000 

60 

IS  '   1.62 

70  1       4 

GO 

1     3T50 

47      0.49 

1     *000 

63  1       7 

13 

,    sooo 

91      0.B9 

9S 

78 

ee«o 

8000 

BO 

as 

33 

! 

1  10000 

60 

40      2  40 

ss 

66 

Uv-n-otoc      j 

:      10 

18      2.83 

42 

n 

93 

1 

1        s 

01  ;  2.23 

S4 

11 

OS 

100 

•     '  2.84 

10 

«« 

aoo 

•1  1  a.a» 

73 

33 

300 

03  ,  2. OS 

37         6 

35 

300 

81      1.33 

99 

93 

400 

le 

0.7a 

08 

M 

900 

33 

!00 

59 

3.33 

60 

B 

33 

800 

3.46 

• 

1000 

16 

3.49 

45 

9 

10 

1000 

U 

1.30 

83 

67 

tfiOO 

0 

83 

86 

2O0O 

89 

1  08 

0 

3 

54 

2000 

19 

0.93 

0 

5« 

3 

SB 

3000 

SI 

0.99 

" 

79 

' 

59 

Molor- 

A                      200 

4.07 

5.30 

4.97 

15.34 

SOO 

B3 

4.71 

5 

74 

19.27 

4.07 

94        12.99 

2000 

47 

2.9S 

3 

92        11.37 

Motor- 

B                      100 

11 

s 

3.93  :  5 

64        21.37 

7.05  1  5 

300 

06 

3,69      S 

40  '     18.00 

500 

ss 

2.74      8 

36        13  88 

Motor- 

C                      160 

S2 

3,73      3 

19        15,74 

«ei«r»lor» 

300 

57 

3,58      5 

38  ,     14  43 

Motor- 

D                       94 

95 

2.6S      S 

83        14  48 

32 

1.38      3 

87          9  35 

I.WO 

89 

1  55 

3 

96 

8 

20 

•A  -Syochmno 
•fl-Inrfuclioo  . 
•C— Direct-cun 
•D — Frequency 
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From  these  figures  it  will  be  seen  that  in  the  case  of  single 
units,  the  total  losses,  as  computed  from  separate  loss  measure- 
ments, vary  from  3^  to  20  per  cent  of  the  rated  output,  while 
the  sum  of  the  frictional  and  rotation  losses  ranges  from  1.4 
to  10  per  cent.  Now  the  measured  values  of  the  frictional  and 
rotation  losses  are  likely  to  be  slightly  inaccurate  due  to  obser- 
vation errors,  as  will  be  pointed  out  later.  Since  these  losses 
are  very  small  as  compared  with  the  total  output,  a  considerable 
error  in  the  no-load  readings  will  affect  the  calctdated  efficiency 
but  slightly. 

In  the  preceding  paragraphs  the  following  points  have  been 
brought  out: 

(1)  At  any  given  load,  PTiir,  Ww  and  Wt  can  be  accurately 
determined  from  readings  taken  at  no-load. 

(2)  Wk  is  composed  of  two  parts,  one  of  which  (n)  is  constant 
at  fixed  voltage  under  all  conditions,  while  the  other,  namely, 
the  hysteresis  and  eddy  current  loss,  increases  somewhat  with 
load. 

(3)  The  increase  in  the  rotation  loss  due  to  the  application  of 
load  cannot  be  satisfactorily  determined  from  readings  taken 
at  no-load. 

(4)  It  is  difficult,  and  in  the  majority  of  cases  impossible,  to 
approximate  from  no-load  measurements  the  eddy  current  loss 
due  to  the  stray  field  of  useful  currents. 

Owing  to  the  difficulty  of  arriving  at  the  true  value  of  the 
rotation  loss  under  load,  it  is  the  practise  of  most  manufacturers 
to  specify  efficiencies  on  the  basis  of  the  no-load  values  of  this 
loss.  The  eddy  current  losses  due  to  the  stray  fields  of  useful 
currents  flowing  have  also  been  generally  disregarded  in  specify- 
ing and  demonstrating  efficiency,  owing  to  the  difficulty  of  ob- 
taining accurate  values. 

Efficiencies  as  usually  calculated  by  the  summation  of  loss 
method  are  therefore  slightly  higher  than  the  true  values.  This 
fact  is  now  generally  understood  by  those  who  use  electrical 
machinery,  and  for  the  reason  that  more  exact  information  as 
to  the  actual  power  efficiency  is  desired  by  the  users,  the  present 
agitation  for  input-output  tests  began. 

To  the  uninitiated  the  input-output  test  appears  to  be  a  per- 
fectly simple  and  the  only  rational  method  of  measuring  efficiency, 
particularly  when  both  input  and  output  are  electrical,  as  in  the 
case  of  motor-generators  and  converters. 

From  a  purely  academic  standpoint  nothing  seems  easier  tlian 
to  derive  efficiency  by  comparing  simultaneous  readings  of 
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measuring  instniments  connected  in  the  incoming  and  outgoing 
circuits  of  electrical  apparatus. 

Those  of  us,  however,  who  have  conducted  some  of  these  tests 
on  circuits  other  than  those  of  college  laboratories  can  tell  a 
different  story.  Many  factors  contribute  to  invalidate  the 
accuracy  of  the  results  obtained.  Chief  of  these  is  the  tendency 
of  ordinary  power  circuits  to  fluctuate  slightly.  Because  of 
this  tendency  it  is  extremely  difficult  to  get  accurate  results 
when  measuring  the  input  to  motors.  This  is  especially  true 
in  the  case  of  machines  having  heavy  revolving  elements  ro- 
tating at  high  speeds. 

When  operating  from  ordinary  power  circuits  the  indicating 
pointers  of  ammeters  and  wattmeters  connected  in  the  feeders 
of  such  apparatus  will  often  oscillate  25  per  cent  each  way  from 
the  mean  of  a  large  number  of  readings. 

This  tendency  of  the  ciurent  to  fluctuate  has  a  bearing  on  the 
accuracy  of  all  input  readings  taken  while  the  apparatus  is  re- 
volving, either  with  power  applied  to  its  own  terminals,  or  when 
driven  by  a  separate  motor. 

Referring  to  the  separate  loss  measurements  and  to  the  ex- 
pression for  the  losses, 

Losses  =  Wir^  +  Wr  +W^  +W^  +Wr 

it  is  to  be  noted  that  Ww  and  Wk  are  measured  while  the  ap- 
paratus is  revolving  and  that  their  measured  values,  as  deter- 
mined by  power  input  readings,  may  be  in  error  due  to  incorrect 
readings  caused  by  fluctuations  of  the  supply  circuit. 

From  the  data  given  in  the  foregoing  tables  we  find  that  the 
sum  of  these  two  losses  ranges  from  1.4  to  10  per  cent  of  the  rated 
output.  Assuming  an  error  of  5  per  cent  in  the  driving  motor 
input  due  to  incorrect  readings  of  swinging  meter  pointers  when 
measuring  the  no-load  losses,  the  calculated  efficiency  at  rated 
output  will  be  in  error  by  not  to  exceed  7/100  of  1  per  cent 
in  the  one  case  and  J  of  1  per  cent  in  the  other. 

Referring  now  to  input-output  measurements,  it  is  evident 
that  an  error  of  5  per  cent  in  the  input  reading  will  affect  the 
calculated  efficiency  by  approximately  the  same  amount,  that 
is  to  say  the  result  will  be  in  error  by  approximately  5  per  cent. 

The  complicated  nature  of  the  input-output  test,  the  large 
number  of  observers  required,  and  the  discrepancies  that  appear 
in  the  results  in  spite  of  the  exercise  of  the  greatest  care,  are 
shown  in  the  following  data  of  an  actual  test  made  under  the 
most  favorable  conditions  by  a  corps  of  experts. 
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n  locAtirm  <A  nrnttrt  tee  corTBapanding  aumben  on  dltgrun  o 
1— Dinct-concat  millivott-niater  with  lOOO-ampcn  muEan 
3 — Dtnct-cnmnt  ml111volt-inet«r  with  lOOO-ampen  nuoia 
3 — DlractHjBCTent  voltmeter    Range  3TS-T50. 

4 — Diroet-cuirenl  vottoiMet.     Range  37S-T50. 

£ — fiOQ-ampere  prcciiloa  wattmeter^ 

&-H)0-cyc1e  polyphaae  indicatLag  wattmeter- 

T — SO-cyclg   polyphue   integrating   watthour   meter. 

S — Portable  alEcniating-cuiTent  ammel^r. 

9-^AIteraating-cufrent  voltmeter. 

10—30  U>  G  Hiici  tranifonnar. 


>  amnged  lor  Scott  two-pbut 


40  U 

No.  11 — 4000  to  100  voltage  tiuutotmer. 
No.  12—400  to  4000-valt.  asO-ldlowatt  power 
Uma-pluue   cooiracCJon. 

An  observer  was  stationed  at  each  of  the  instruments  shown 
in  the  diagram.    In  addition  several  assistants  were  necessary 


in  order  to  control  properly  the  supply  circuit  and  to  maintain 
constant  load. 

The  test  was  conducted  as  follows: 

Having  adjusted  the  voltage  and  current  of  the  generator, 
and  the  power  factor,  voltage  and  frequency  of  the  motor  supply 
circuit,  at  each  load  a  series  of  simultaneous  readings  was  taken 
at  definite  time  intervals.  The  signal  to  read  was  given  by 
blowing  a  whistle.  Ten  readings,  five  seconds  apart,  were 
taken  at  each  load  and  the  average  of  these  ten  readings  was 
considered  the  true  value. 

Notwithstanding  the  precautions  taken  to  insure  accuracy, 
an  examination  of  the  tabulated  residts  shows  that  the  efficiencies 
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indicated  by  the  readings  of  different  instruments  differ  by  as 
much  as  2  per  cent. 

It  is  to  be  noted  that  the  use  of  current  and  potential  trans- 
formers or  other  multipliers  necessary  in  tests  of  this  kind  in- 
creases the  liability  of  error. 

In  addition  to  the  fluctuations  of  the  supply  circuit,  another 
contributing  factor  tending  to  inaccuracy  is  the  variation  in 
the  generator  load  due  to  changes  in  the  resistance  of  that  circuit. 
If  grid  resistance  or  water  rheostats  are  employed  for  loading, 
fluctuations  will  occur  due  to  slight  changes  in  the  temperature 
of  the  water  or  metal  used.  These  fluctuations  will  affect  all 
of  the  measuring  instruments.  If  the  current  is  "  pumped  back  " 
into  a  power  circuit  the  tendency  of  such  circuits  to  oscillate 
will  be  magnified,  causing  greater  swinging  of  the  meter  pointers. 

The  use  of  integrating  instruments  has  been  proposed  as  a 
solution  of  the  difficult  problem  of  accurately  measuring  the 
fluctuating  currents  during  these  tests.  It  is  argued  that  if 
such  instruments  were  used  and  comparative  readings  taken  in 
both  incoming  and  outgoing  circuits  over  a  long  period  of  time, 
the  true  value  of  efficiency  would  be  indicated. 

Tests  which  have  been  conducted  according  to  this  plan  have 
not  been  satisfactory.  In  fact  the  results  have  been  uniformly 
more  unreliable  than  with  indicating  instruments.  This  is  due 
to  the  inherent  inaccuracy  of  the  heavy  capacity  direct-cur- 
rent watt-hour  meter.  No  heavy  capacity  instrtmfient  of  this 
type  with  which  the  writer  is  acquainted  can  be  relied  on  to 
give  correct  values  within  2  per  cent. 


In  discussing  the  derivation  of  efficiency  by  the  summation 
of  loss  method  it  has  been  pointed  out  that  at  any  given  load 
the  only  losses  which  cannot  be  accurately  determined  from  no- 
load  measurements  are  the  rotation  loss  and  the  loss  due  to  eddy 
currents  caused  by  the  stray  fields  of  useful  currents. 

Therefore  the  empirical  correcting  factors  which  it  is  proposed 
to  use  in  connection  with  the  no-load  values  of  the  separate 
losses  would  be  applied  to  these  losses  only,  and  not  to  the  sum 
of  all  the  losses. 

The  data  given  in  Tables  B  and  C,  at  the  end  of  this  paper, 
show  the  use  of  these  constants  in  working  up  some  actual  tests. 
A  comparison  is  made  between  the  efficiencies  obtained  from 
input-output  tests  and  those  computed  by  the  separate  loss 
method  using  correcting  factors  as  outlined  above. 
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The  data  cover  tests  of  direct-current  motors,  induction 
motors,  motor-generators  and  synchronous  converters.  The 
tests  of  motors  are  all  average  tests,  that  is,  they  have  been 
taken  at  random  from  a  large  number  of  tests  made  by  average 
men,  who  did  not  have  in  mind  the  determination  of  load-loss 
constants  when  making  the  tests. 

The  constants  used  are  the  averages  of  those  indicated  by 
a  number  of  very  careful  input-output  tests  of  motor-generators. 
Two  of  these  were  made  for  the  particular  purpose  of  determining 
these  constants.  The  same  constants  are  used  in  all  cases  for 
the  same  types  of  machines,  and  it  is  worthy  of  note  that  the 
results  throughout  are  fairly  uniform.  In  some  cases  the  values 
run  higher  by  separate  losses,  and  in  some  cases  lower,  than  by 
input-output. 

Two  different  constants  have  been  used,  constant  X,  a  mul- 
tiplying factor  applied  to  the  Pr  loss  values  to  compensate  for 
eddy  current  losses  under  load,  and  constant  X',  applied  to  the 
rotation  loss  values  to  compensate  for  increased  losses  due  to 
field  distortion. 

The  values  of  K  and  K'  will  vary  over  a  considerable  range 
depending  upon  the  characteristics  of  the  apparatus. 

In  the  case  of  both  alternating-  and  direct-current  machines  of 
low  frequency,  K  is  in  most  cases  but  slightly  greater  than  unity, 
but  for  the  higher  frequencies  this  constant  is  considerably 
greater,  especially  with  machines  having  deep  slots  and  conduct- 
ors of  large  cross -section. 

The  value  of  K'  for  compensated  machines,  such  as  induction 
motors  and  synchronous  converters,  is  but  little,  if  any,  greater 
than  unity,  whereas  in  non-compensated  generators  and  motors 
with  large  field  distortion,  K'  may  be  as  high  as  two  at  rated  load. 

Attention  is  called  to  the  data  in  Table  D  relating  to 
input-output  tests  of  15  induction  motors  made  under  average 
conditions.  In  working  up  the  efficiencies  from  the  separate 
losses  no  multiplying  factors  were  used,  as  load  losses  were  con- 
sidered negligible.  When  compared  with  the  efficiencies  ob- 
tained by  prony  brake,  in  nine  cases  the  efficiency  is  lower  by 
the  separate  losses  than  by  input-output,  showing  not  only  the 
unreliability  of  the  prony  brake,  but  also  that  the  load  losses, 
if  any,  are  so  small  that  they  can  be  ignored. 

In  Table  E,  data  are  given  relating  to  some  careful  input- 
output  tests  of  a  50-kw.  motor-generator  and  of  a  1000-kw. 
sjmchronous  converter. 
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Considering  first  the  motor-generator  data,  Table  E,  tests 
No.  1,  2,  3  and  4  refer  to  separate  and  distinct  tests  made  on 
different  days,  by  the  same  observers  with  the  same  instruments. 
Although  the  conditions  were  as  nearly  ideal  as  possible  and 
extreme  care  was  taken,  the  results,  which  should  have  been 
identical,  showed  a  maximum  variation  of  2.3  per  cent. 

In  the  case  of  the  synchronous  converter,  four  tests  were  made 
with  different  sets  of  instruments,  each  of  which  had  been  ad- 
justed and  carefully  calibrated  immediately  before  the  tests 
were  made.  As  much  care  was  exercised  as  in  the  case  of  the 
motor-generator,  but  the  results  show  discrepancies  of  as  much 
as  2.4  per  cent  in  efficiency. 

In  these  synchronous  converter  tests,  as  in  several  others  made 
under  the  writer's  supervision,  the  efficiencies  by  input-output 
very  frequently  show  higher  than  by  the  separate  losses,  indi- 
cating that  load  losses  in  machines  of  this  type  are  a  negligible 
quantity. 

It  is  not  contended  that  the  constants  used  in  working  up 
these  tests  are  the  values  that  will  finally  be  indicated  after  a 
large  amount  of  data  has  been  collected.  The  data  submitted 
herein  are  given  to  demonstrate  the  method  and  not  to  indicate 
the  values  of  the  constants.  It  is  conceded  that  an  insufficient 
number  of  accurate  test  records  are  available  at  present  to 
establish  the  values  of  these  constants.  It  is  doubtful  if  such 
records  are  in  existence,  as  the  writer's  investigations  lead  him 
to  believe  that  surprisingly  few  accurate  input-output  tests  have 
been  made.  This  belief  is  based  not  only  on  his  own  experience 
but  also  on  conversations  and  correspondence  with  engineers 
in  different  localities. 

It  is  urged  that  those  who  have  data  bearing  on  this  subject 
will  bring  them  forward  and  that  hereafter  the  determination 
of  these  constants  will  be  kept  in  mind  when  efficiency  tests 
are  being  made. 

The  fact  that  these  figures  are  not  available  does  not  indicate 
that  few  inpul-outjmt  tests  have  been  conducted.  On  the  con- 
trary they  have  been  made  repeatedly.  Few  engineers,  however, 
have  had  the  time,  the  money,  or  the  patience  necessary  to  obtain 
accurate  results.  The  average  input-output  test  of  motor-gener- 
ators and  converters  is  perhaps  accurate  within  1^  to  2  per  cent. 
Motor  efficiency  by  prony  brake  ]:)robably  averages  between  1 
and  \\  per  cent  of  the  true  value. 

In  conclusion  it  may  be  stated  that  efficiency  guarantees 
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based  upon  the  summation  of  the  separate  losses  without  change 
to  allow  for  increases  due  to  load,  arc  entirely  satisfactory  as  a 
basis  for  comparing  one  manufacturer's  machines  with  those  of 
any  other  maker.  It  is  true  that  the  actual  efficiencies  in  either 
case  will  in  some  types  of  machines  be  slightly  lower  than  those 
indicated  by  the  separate  losses.  But,  for  the  same  separate 
no-load  losses,  the  load  losses  will  be  practically  identical,  pro- 
vided the  temperatures,  the  regulation  and  the  commutation 
correspond. 

It  is  of  cotu^e  desirable  that  the  actual  efficiencies  be  known, 
and  it  is  the  writer's  opinion  that  the  simplest  and  most  accurate 
method  for  determining  the  true  values  is  by  the  summation 
of  losses  with  some  correcting  factors  as  described  in  this  paper. 
Ultimately  he  believes  that  this  general  method  should  be 
adopted  as  the  Institute  standard. 


TABLE    D 

INDUCTION    MOTORS 

1 

Kw.  output 

Efficiencies 

1             Kw. 
Inpat 

Discrepancy 

Input  minus 

Input- 

*By  separate 

tBy  input- 

1 

losses 

output  test 

losses 

output  test 

1 

40.3 

36.7 

37.3 

91.1 

92.5 

+1.4 

43.2 

38.0 

37.3 

90.0 

88.5 

-1.6 

41.3 

37.0 

37.3 

89.5 

90.3 

+0.8 

40.9 

36.9 

37.3 

90.2 

91.2 

+1.0 

50 

44.4 

44.76 

88.8 

89.6 

+0.8 

62.2 

57.2 

56.0 

92  0 

90.0 

-2.0 

60.1 

55.3 

56.0 

91.9 

93.2 

+1.3 

62.5 

56.5 

56.0 

90.3 

89.6 

-0.7 

61.4 

56.1 

56.0                  91.3 

88.0 

-3.3 

4.4 

3.8 

3.73       1         86.3 

85.0 

-1.3 

6.63 

5.53 

5.6         1         83.4 

84.5 

+1.6 

12.45 

11.13 

11.2                  89.3 

90.0 

+0.7 

16.34 

14.78 

14.92                90.2 

91.1 

+0.9 

119.5 

119.5 

111.9         i         93.5 

93.5 

0  0 

29.4 

1 

25.55 

26.1          1         86.8 

88.8 

+2.0 

*No    allowance  made  for  "load  losses.*' 
tMechanical  output  by  prony  brake. 


1912] 


OLIN:  POWER   EFFICIENCY 


1716 


9 

m 

< 


«  «  .  g  « 

00 

00 

8 

^ 

r* 

"* 

c« 

d 
1 

o 
1 

o 

? 

o 

• 

• 

o 
4- 

• 

o 

o 
4- 

«M               09 
M     >•    "     C    ^ 

o 

»o 

CO 

*»• 

00 

• 

• 

• 

^ 

»|ss 

00 

3 

1^ 

00 

1^ 

00 

ff 

s 

s 

s 

s 

o 

a 

2 
By 

input- 

output 

test 

00 

S 

i 

00 

CO 
00 

00 
00 

1^ 

»o 

2 

CO 

i 

CI 

i 

H 

•     o    ■> 

00 

t^ 

»o 

o 

•o 

iO 

•o 

*«l?l 

ss 

CD 

00 

i 

00 

• 

i 

s 

i 

So 

<M                    M 

^4 

CD 

M 

s 

IO 

CO 

^ 

«  S  8  J 

CO 

o> 

•o 

CO 

iO 

IO 

CO 

^4 

to 

00 

CO 

^4 

CO 

a» 

CO 

^4 

s 

3          10 

^4 

V4 

3 
a 

c 

1      -M 

*-»     3 

9"  ♦i  8 

e« 

• 

CO 

IC 

IO 

e« 

IO 

IO 

• 

00 

00 

• 

CJ 

'ti 

C    3   -iS 

S 

00 

eo 

CO 

•^ 

^•^ 

c« 

«j 

•"•    o 

^4 

^ 

o 

— 

^4 

PM 

9  •  S 

•o 

• 

• 

CO 

• 

• 

• 

§ 

^4 

s 

s 

GO 
CO 

s 

o 

•^ 

s 

3  ft  8 

4D 

^4 

^ 

•^ 

^* 

CI 

CI 

o     -^ 

pM 

^4 

CO 

O 

5i^ 

«>   ft  ^ 

*»• 

00 

:S 

iO 

1^ 

IO 

e« 

s 

• 

H  g.S 

** 

t> 

a> 

CI 

^4 

•^ 

Vi4 

^•^ 

M 

H 

< 

to 
to 

^ 

09 

OC) 

iO 

1^ 

00 

d 

• 

•o 
•o 

• 

• 

• 

2: 

f-.  —  ^ 

*H 

^4 

c« 

o 

« 

CO 

1^ 

«o 

1 

Im 

*H 

CO 

c« 

1^ 

»* 

IO 

o 

lO 

o 

2 
ft 

^ 

^ 

^ 

CO 

• 

• 

e« 

CO 

• 

CO 

• 

1^ 

H 
O 

u 

(3 
«> 

i< 

^ 

M 

C 

^ 

'T 

b- 

*»• 

^ 

r* 

^ 

00 

l> 

V 

UJ 

*H 

^4 

M 

c« 

w^ 

^4 

M 

c« 

e< 

*« 

•o 

^> 

•o 

00 

^4 

'T 

a» 

•i^ 

eo 

IO 

»* 

as 

CO 

• 

CO 

»>. 

»>. 

•^ 

C4 

M 

n 

c« 

Q 

.^ 

*H 

1-^ 

^4 

*H 

a: 

s 

iO 

1-^ 

s 

S 

eo 

IO 

u 
O 

•J 

u 

Kkk 

M 

« 

1-^ 

^4 

o 

pM 

M 

^ 

00 

tt 

o 

t<; 

• 

6 

8 

•o 

•o 

9 

3 

o 

1-^ 

?4 

o 

^^ 

e« 

iO 

Q 

O 

c 

'< 

VH 

• 

^4 

r^ 

^4 

^^ 

^4 

• 

PM 

1 

o 

u 

'J 

• 

c 
>> 

CO 

3 

CI 

• 

o 

d 

«o 

CO 

s 

• 

IO 

• 

e 

cJ    "C 

c« 

^ 

^ 

«4# 

c« 

'T 

'T 

•«• 

6 

(«   a 

"^ 

^»^ 

^»^ 

^i^ 

'^ 

'^ 

^^ 

vH 

^4 

o 

u    o 

1-^ 

PC 

-r 

^^ 

CO 

^ 

a 

eu  '- 

ct 

_ 

--- 

- 

. — , 

— 

..  _  . 

• 

—      -         — 

^ 

L. 

** 

u 

«>    u 

• 

250-volt 
514  rev.  pe 
min.  comm 

pole  gener- 
ator 
1440-h.p. 
13.200-vol 

■ynchron- 
nous  moto 

^  o 

comm.  pol 
generato 

il 

c  o 

\% 

o 

0 

• 

1716 


OLIN:  POWER   EFFICIENCY 


[June  28 


m 

< 


Difference 
between 
2  and  3 

eo  ^  «  *  ■* 

•o 

^   CO   CO   ^   •« 

X  X   0   CO   iO 

«o 

0   CO          1^   -M 

to   OS    ^   CO 

????  + 

TI?TT 

0  0  ^^  *^  '^ 

+  +  +  +  + 

T?°TT 

^000 

+  +  +  T 

S 

CO    S. 

^  m  o 

00   lO  fM   CO   1^ 

r^  ^  CO  r*  ^ 

X   CI   1^   1^   IC 

d   iQ   d   d   0 

d  d  CO  to 

00  00  S   00   00 

00  00  00  00  00 

*^  00  CO  o  o 

2  S  S  S  2 

X   X   X  X   X 

S  9S  S  S  S 

X   X   X   X  X 

X   X   X   X 

M   O   0>   O   CO 

0  ^  1^  ^  0 

CO  d  d  a>  0 

to   CO   OS    X 

S  fe  fe  s  s 

w   00   X   00   00 

00  00  00  00  00 

00  00  X  X  X 

X  X  X  X  Oi 

CO   CD   t«   X 

X  X  X  X 

♦No.  1 

By 

separate 

losses 

o>  r«  CI  1^  CO 

t*  CO  1^  o  o 

CO  X  ^  CO  >o 

■*    X   »>.   OB  1^ 

0  '4*  CO  0 

S  28  S  S  fc; 

W   00  00   00   00 

<«  1^  r«  r«  CO 

OO   00   00   00   00 

X  X  X  X  X 

X  X  0  0  0 

X  00  S  OS 

4J 

3 

a 

3 
O 

• 

US 

No.  3 

By  use 

of /C' 

^  1^  r«  lo  lo 

•o  »-•  0)  r«  00 

CO    •*   tt   CO   « 
•^i   C4   S   <0   d 

CI   ^   ^   CI   •-> 

*»••->  00  r^  ^ 

ssgssss 

CO  X  d  to 

1^  ^  *»•  00  e* 

*H   *H   <-4   C4 

1^   ^   *   00  M 
^4  ^4  1^  PI 

a>  ^  X  CO  X 

•H   ^   d   CI 

^  CO  d  r-  eo 

.M  -H  d  d  eo 

CO  o>  ®  d 

—•    ^   d   CO 

(A 

o 

H 
O 

tNo.  2 

Output 

test 

to   0»  C«   lO   QQ 
*»•  -H   0»  «D  TO 

CO   0>   CI   iC   00 

^  _■  0)  CO  CO 

d  X  10  0  to 

CO   Oft   CO   CO   06 

p  0  X  lO  to 
d  X  CO  0  to 

CO  X  0  >0 

0   to   —   CO 

1^   ^   "*   00   N 

f^   <-i   1.4   M 

1^   ^    *   00   CI 

»M  ^  ^  d 

0>   CO   X   CO   1^ 

^  -M  d  d 

^   CO   d   1^   CO 

^    •-•   d   d   CO 

CO  Ob  CO  d 
^  ^  d  CO 

X  0  CO  to 

to  CO  o»  ^ 

No.  1 

Input 
minus 
losses 

^  d  kO  lO  to 

CD   CO  »-•   O   CO 

CI  O  00  Q  O 
•O  ^  t-i  o  t^ 

ssssss 

CO  •-•  r-  0  ^ 
CO  -H  r*  CO  X 

Pt! 

t3 

ro  *-•  lo  a>  CO 

1-4    ^4    <-4    d 

1^   ^   lO   00   CI 

f-<     «-l     ..H     d 

o>  '4*  o»  -^i  a 
^  ^  d  d 

^  r*  d  X  CO 

rH    ^    d    d    CO 

CO   0   CO   CO 

•H  d  d  CO 

Kw. 
input 

(O  r«   Q   Q   CO 

1^  ro  o  wd  o 

r^  3;  o  CO  X 

X   0   CO   t*   CO 

CO  X  »0  CO  0 
d  CO  1^  CO  CO 

r«  9  X  d  X 
o»  0  0  ^  d 

gggg 

X   C4   1^   «^   « 
^   .H   C*   N 

^  «  Q  CO  eo 
<4*  O  S  PI  00 
CO  •*  "*  •o  »o 

X  CO  »>.   ^  « 
^    ^   CI   CI 

^  CO  -^  1^  eo 
»^  •-•  d  CI  00 

d  0  to  »-•  ro 

^   ^   d   CO   CO 

to   d    OS   CO 

^  d  ci  CO 

Q 

under 
load 

X   1^   CO   CO    •-• 
1^   ^  OJ  »C   X 
CO  ^  <^  >o  m 

0  X  0  Q  X 
CO  ^  ^  »  »>. 
CO  1^  X  a>  ^ 

t»   X  CO  CO  Q 
Q   CI   CO  »>.   0 
0  h>  00  0  ^ 

0000 
0  ^  •-•  »>• 
^  CO  to  »>. 

o  o  o  o  o 

00000 

0000^ 

0  0  0  0  •-• 

w^     w^     w^     w^ 

( 

< 

at 
no-load 

^  O  O   00  00 
^  ^  M  C^  M 

0  eo  X  c  »o 

1^  CO   ^  CO  -H 
CI   CI   CI   CI   CI 

•^    ^    <*    t   CO 

CO    X   X   to   CO 
CO  d   —  0   OS 

^    ^    ^    t    CO 

CO  0  to  0 
06  »>.  trj  ^ 
r>.  t>.  r«  t» 

o  o  o  o  o 

00000 

■Tf  r>.  0  ^  X 

00000 

^  »>.  0  ^  X 

00000 
^  r>.  0  ^  X 

000c 

f   h-   0    'f 

3  ♦; 

;>   c 
:   c«  ^ 

i  o 

2  '^ 

V 

C 
X 

o 
01 

^  t^  O   -f   « 

20-h.p..  230- volt           2/4               1 

650  rev.  per  min.           3/4               1 

d-c.  commutating          4/4              2 

pole  motor                5/4               2 

0/4              2 

^   ^   CI   CI   CI 

•1  l-l  d  d  d 

^  ^  d  d  CT" 

^  ^  d  d 

I*  -f  f  -^ 

■-^     •-'.     ^--^     '^s 

d  CO  •*  to 

1 

20-h.p..  llo-volt           2/4 

650  rev.  per  min.           3/4 

d-c.  commutating          4/4 

pole  motor         '       5/4 

6/4 

"•^  ^.  '-.  -^^  ^-. 
d  CO  Tf  tc  CO 

^  \  "-^  ^    '  - 

d   CO    ^   to    ® 

25-h.p.,  llo-volt 

825  rev.  per  min. 

d-c.  commutating 

pole  motor 

30-h.p.,  230- volt 

975  rev.  per  min. 

d-c.  commutating 

pole  motor 

35-h.p.,  230- volt 
11. >0  rev.  per  min. 
d-c.  commutating 
pole  motor 

0) 

• 

V) 

4/ 

m 

^ 

J5 

2 

•T3 

Xi 

c 
0 

^ 

u 

u 

0, 

0 

Xi 

4> 

♦J 

3 

E 

a 

4.* 

0 

§ 

c 

»■• 

4 
^ 

8 
•3 

0 

c 

73 

4 

0 

^ 

1912] 


OLIN:  POWER    EFFICIENCY 


1717 


T3 

at 
s 
•»• 

*• 

c 
o 
O 


O 
O 


H 
:^ 

u 

H 

U 


o 
< 


Difference 
between 
2  and  3 

•-  »o  r>.  ^  « 

N  ^  r^  «  r* 

^o  eo  ^  «  CO 

o»  o  ^  X  CO 

TTTTT 

9  o  o  o  o 
+  +  +  + 

?TTTT 

TTTTT 

No.  3 
By  use 
of  K' 

m  «  r^  1^  GO 

00  ^  O  O  M 

1^  X  C4  CO  O 

^  eo  X  ^  «o 

Q  «  »2  S  S 

00  X  00  00  oo 

S  S  J;;;  2S  2S 

00  00  00  00  90 

X  X  X  X  Oi 

^  t*  ^  Oi  9 
X  X  X  X  X 

s 

•c 

tNo.  2 
By 

input- 

4J 

9 

a 

3 
O 

^  CO  »o  oo  « 

o  o  a>  ^  to 

M  ^  0)  0>  CO 

CO  04  CI  e<  X 

O  5  «0  »>•  GO 

so  QO  00  30  00 

CO  to  CD  (»  1^ 

00  00  X  00  00 

X  X  X  S  S 

S  S  S  2  2 

X  X  X  9  9 

V 


M 


O  CO    rt    w 

5^  ^  cx  o 


ft) 

OS 


X  1^  O   ^  O) 


O    X   CO   ^   t* 


•^  O  ^  O)  o 


"(I*   X    ^   CO   1^ 


CI  <o  o  o  o 

X   X   X   O   O) 


3!  fe  S  2  2 

w   X   X   O  O 


CO  ©•-••-•  M 
X  9  O  O  0> 


s 


0>  •-•  CI  M 

X  9  Oft  O 


9 

a 

3 
O 


/:  OQ  o 


CO   to   Q   CO   iO 

9   CI   O    00   X 


Q  O   to  Q   lO 
9   ^  1-^  «  1-4 


CO  eo 
t»  9 


§s 


lA    lO    Q    O    iO 
00  CI   «   ^  »M 


■^   CI  9  <0  CO 
•-•   CI  CI   CO   ^ 


^  CI  O  1^  iO 

»-<  CI  CO  eo  * 


X  1^  1^  iO  o 
•-•  CI  eo  ^  «o 


^  CO  ^  »o  «o 
CI   CO   ^   iC  o 


CI  a 

o  t:  *> 


CI  X  3«  o  <o 

9  CO  X  CO  h* 


CI  X  3  Q  <0 
9  eO  X  CO  1^ 


to 


O 


^CI9r^^         ^CI9l^^ 

^cicico^       •-•cicico^ 


X  X  t«  <0  CO 
•-•  CI   00   ^  «5 


X  Q  «D  O 

CO  «  1^  ^ 

^  ^  "4.  ^  *^ 

CI  eo  '^  Id  CO 


6  o.  c 


X 
CO 


go   »<5 
CO    X 


O  00  CO  X  o 
»*   X  t*   ^   <* 


O  lO  lO  lO  o 
*-•   CO   9  CI   CO 


9  O  X  iQ  Q 

CO  CI  X  e«  lO 


•O  CO  CO   X  m 
^   CI    CO   CO    ^ 


to   CI   O   X  CO 
•1   CI   CO   CO   ^ 


9  X  1^  1^  1^ 

^  CI  CO  ^  »o 


d  ^  lO  r«  X 

eo  *»•  lO  ® 


CI 


k     3 


=   c   o 

3 


a;         rt 

O 

c 


«0  Q  O   Q   Q 
kO  >0  >0  lO   >c 


X  o  o  o  o 

9   O    "*   »>•  CI 


dOQiOQ         COOPQQ 
*-tXM^^O         9<~<CI09 


X   «D   t   CI   O 
^   C4   CO    ^   »0 


tN.  CO  "^f  d  ^ 

»^  CI  CO  -*  »o 


d  ^  ^  »M  d 

d  CO  ^  »o  CO 


»0   X  Q  d   CO 
d   d   35   CO   h> 


O  tf^  o  o  o 
CI  r>.  d  X  9 

X   ^   »C   9   CO 


O  »>.  Q  »0  O 
L-^  1.0  «  d  9 
O   d   -^  t»  9 


•O   O  O  O   O 

X  t^  ^  p  o 


1«  1^ 


^  »>. 


5  d  d  S  t» 

^•09^9 


i^c^idciro        ^^^Hi-Ht-i^^ 


^    ^    CI   d    d 


d  d  d  CO  CO 


8  0  q  c  o 
X  <©  •^  •-• 
CO  d  CI  d  d 


O  O  Q  p  O 
O  't  M  d  ^ 
t>.    h.   t>.   h.   t>. 


§1 


»o 

X 
9 


O  P  O  »o 

«   ^  »-i 


X 


"*  ^  ^ 


O   O  O  O  P 


•Mi-4w^^40  ^H^^•H^-^I"^ 


^  h-  o  -r  X 

»H     »H     d     d     d 


^   »>.   p    ^   X 

•1  -H  d  d  d 


^   t^  P   «if    X 

•-•  i-i  d  d  d 


^  r«  p  ^  X 

^   »^   CI   d   d 


d  CO  ^  »o  o 


d  eo  "*  »o  <0 


d  CO   "*   »o  CO 


d  eo  ^  »o  CO 


C 

o 


O 
> 

o 

CO 

d 


5  fc  - 

S  3  3 

>  '^  I 

t  r,  B 


^.5. 


o 

> 

p 

CO 

d 


0-   C    t; 
•    _     *' 

•«3  P  .t: 
62^ 


E  «= 

^  fc  I- 

4>  h  S 

o.  s^  5 

.  V  o 

>  t3  6 


i.S^ 


2"  S  4> 


o 

> 

CO 
d 


a 

i 


> 


c 

u 
3 
u 
i 


o 
> 

o 

CO    v 


2  ^ 
P   c 


o 
B 


CI  a  g  ♦* 

•  u  ^  ^ 
d  V 


S5=3 


i 


II 


1718 


OLIN:  POWER   EFFICIENCY 


[June  28 


3 
5S 


(O 

H 
H 

H 

P 
ou 
H 
P 
O 

fi 

P 

o 


?: 

H 
O 

O 
H 
O 


o 

H 
<< 
« 

H 
Z 

M 

o 


z 

s 
s 

u 

6 

H 

s 


o 

s 

o 
o 

H 

o 

> 

.A 

M 

at' 

O 

H 
O 

z 

o 

z 

H 

o 

> 

i 

CO 

CI 

s 


I 

M 
M 

M 
H 

H 


X 

.A 


1 

a» 

N 

^ 

1^ 
1^ 

3 

00 

« 

o 

oo 

lO    lO 

oo   to 

2 

• 

•          • 

•        • 

t 

1^ 

OO    0» 

1^   r* 

s   s 

H 

S 
0 


o 


CO 

o 

CI 

o 

5 


o 

t 


9 


CI 

1^ 


CO 
CO 


oo 


CO 

oo 


lO 
00 

1^ 


t*  CD 


CO 


CO 


g 


00 


s 


r» 

1^ 

CO 

0» 

CO 

•o 

r* 

r» 

•o 

^ 

lO 

• 

• 

CD 

•o 

CI 

C4 

eo       "* 


00 


i 


eo 

o 


00 


CI 

00 
CO 


00 

to- 


ok 


eo 


si 


1^ 

o 


o 


eo 
eo 


00 


CO 
00 


CD 


CI 

CD 


1 

♦» 

g, 

• 

• 

CI 

• 

CO 

• 

eo 

3 

s 

S 

n 

^ 

s 

• 

o 

o 

2 

■*» 

« 

«5 

1^ 

s 

CO 

eo 

t«. 

00 

s 

C« 

eo 

c« 

eo 

00 

00 

s 

s 

1 

2S 

>o 

•^ 

a 

•^ 

CO 

eo 

o 

lO 

!  ". 

1 

CI 

CI 

00 

eo 

00 

eo 

s 

5S 

Test 

9 

s 

CI 

eo 

CI 

eo 

*H 

•-« 

' 

a 

• 

• 

• 

• 

. 

»2 

^ 

CI 

eo 

00 

00 

s 

eo 

CD 

s 

s 

0» 

eo 

;s 

00 

• 

o 

*» 

O 

CI 

• 

• 

eo 

eo 

s 

■ 

A 

8 


CI 

CO 


CO 


Oft 

t>i 


CI 

i 


eo 

CD 


M 
O 

CO    X 
»   o 


P 

a« 

H 

P 
o 

I 

H 

P 


M 

3 

X 
I 


fiU     K 


-\ 


» 

H 

H 

> 

o 
o 

th 

p 
o 

o 

» 

o 

CO 


S 


5 

o 
> 


I 

M 


% 

9 


Losses 

eo  0) 

IC  CD  CD* 
0>  Oi  Oi 

• 

o 

5 

94.3 

97.63 

96.23 

CO 

• 

o 

1 

96.98 
97.26 
96.28 

O 

8 


o 


CO  io  e« 

•  •         • 

eo  t*  ^ 

Ot  Oft  Ok 


CO  eo  eo 

r«  00  «o 

•  •          • 

CD  ro  CO 

Oft  Ok  Ok 


o 


9 

5 


00   CD   00 

A  eo  Oft 
*»•  1^  5 


*» 

8 

9 

CO 

««•  u)  CI 

a 

d  *o  CO 

(3 

».'>  t*  o 

•^ 

•i^ 

«« 

iO  ^ 

a 

•    • 

1^  o  eo 

CO 

• 

o 

z 

4^ 

o  ^  o 
SS  r«  o 

<*j 

^ 

to 

Oft  ci  CO 

6i  CO  lO 

a 

•o  r«  o 

1^ 

•-« 

I 


1 

00 

• 

CO  « 

•     • 

>* 

CO  CO 

CI 

• 

o 

<§ 

Oft 

S3S 

z 

1 

«> 

r^ 

H 

9 

00 

»0  CO 

a 

CI 

IO  iO 

a 

lO 

t*  o 

1-4 

•^ 

«* 

lO 

"* 

I 

• 

• 

O  CO 

p4 
• 

o 

5 

« 

^4 

z 

4J 

« 

t» 

4) 

9 

CI 

t-'  a 

O. 

r^  o 

^4 

'  5 


2      S 


fi 

a 

u 

t: 

fi 
o 
fi 
O 
Z 


1912]  DISCUSSION  AT  BOSTON  1719 

Discussion  on  '*  Determination  of  Power  Efficiency  of 
Rotating  Electric  Machines"  (Olin),  Boston,  Mass., 
June  28,  1912. 

C.  M.  Green:  I  have  had  quite  a  little  experience  and  diffi- 
ctdty  in  making  efficiency  tests  on  old  arc  machines — particularly 
the  Brush  arc  generator.  The  input  and  output  method,  to  the 
best  of  my  knowledge,  is  the  only  method  by  which  the  efficiency 
of  these  machines  can  be  determined,  due  to  the  fact  of  the  large 
influence  which  the  current  in  the  armature  has,  at  ordinary  loads, 
on  the  eddy  currents  in  the  pole  shoes  and  core  loss.  Furthermore, 
the  field  excitation  on  the  Brush,  etc.,  machines  with  no  current 
in  the  armature,  and  rated  volts,  runs  about  25  per  cent  of  that 
with  normal  current  and  rated  volts  in  the  armature,  so  you 
may  see  that  the  effect  of  the  armature  ciurent  upon  the  field  wind- 
ings is  very  abnormal.  There  is  absolutely  no  question  about 
the  difficulty  of  making  input  and  output  efficiency  tests.  It  is 
extremely  difficult  to  get  results  which  will  check  day  in  and  day 
out.  There  is  a  continual  variation  of  at  least  2  or  3  per  cent 
in  the  efficiency. 

B.  G.  Lamme:  I  have  gone  over  this  paper  of  Mr.  Olin's 
and  discussed  the  matter  with  him  personally  to  some  extent, 
and  I  gather  that  the  object  of  his  paper  was  not  so  much  to 
bring  out  a  definite  method  of  determining  efficiency,  as  to  show 
that  there  is  a  possibility  of  getting  better  results  by  the  summa- 
tion of  separate  losses  than  by  the  input  and  output  method, 
unless  the  latter  is  carried  out  under  laboratory  methods.  He 
has  made  a  pretty  good  case  of  it.  I  have  gone  into  this  matter 
pretty  thoroughly  myself,  and  have  calculated  the  load  losses  of 
various  machines,  and  it  is  a  very  complicated  problem  to  cal- 
culate these  losses  with  any  great  acouracy;  too  complicated  to 
be  practicable  as  a  basis  for  an  acceptance  test.  But  such  cal- 
culations indicate  that  there  are  certain  relations  of  load  losses 
in  most  machines  to  the  other  losses,  so  that  by  some  form  of 
correcting  factor,  which  we  will  doubtless  determine  some  day, 
we  can  add  a  correction  to  the  known  measurable  losses  and  ob- 
tain a  result  which  is  more  reliable  than  can  be  obtained  with  the 
input-output  tests.  I  have  seen  some  very  accurate  input-out- 
put tests  made,  and  even  in  the  case  of  the  most  accurate  ones, 
I  had  no  confidence  in  the  first  one  made;  I  had  to  see  a  second 
test  to  verify  the  first,  or  possibly  sometimes  a  third  one  to  verify 
the  other  two.  If  they  all  agreed,  then  I  considered  either  that 
they  were  all  accurate,  or  that  there  were  equal  errors  in  each.  If 
I  knew,  beforehand,  what  the  true  losses  were,  then  I  might  accept 
the  first  test;  otherwise  I  would  not.  I  believe  that,  in  practise, 
any  method  is  an  approximation ;  but  what  we  want  is  an  approxi- 
mation in  which  the  principal  items  can  be  computed  directly 
from  simple  and  reliable  measurements.  I  believe,  as  sufficient 
data  are  gathered  a  satisfactory  method  will  be  obtained  for  intro- 
ducing a  correcting  factor  for  load  losses,  which  factor  may  be 
varied  for  different  types  of  machines. 
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E.  M.  Olin:  In  regard  to  the  diffictdty  of  testing  the  machine 
of  which  Mr.  Green  has  spoken,  by  the  input-output  method,  my 
recollection  is  that  it  does  not  have  any  efficiency  anyway,  and 
any  method  will  do  as  well  as  another.  The  ]:)oint  I  make  in  this 
paper  is  that  the  input-output  method  is  a  laboratory  method 
and  as  such  is  not  adapted  to  an  ordinar>'  shop  test. 


A  paper  presented  at  the  29th  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28,  1912. 

Copyright.  1912.    By  A.  I.  E.  E. 


THE   SQUIRREL-CAGE   INDUCTION   GENERATOR 


BY    H.    M.    HOBART    AND    E.    KNOWLTON 


A  careful  examination  of  the  various  attributes  of  the  induc- 
tion generator  discloses  its  appropriateness  for  certain  classes  of 
work.  It  is  the  purpose  of  this  paper  to  describe  these  attributes 
and  to  endeavor  to  deduce  therefrom  the  correct  economic 
field  for  such  machines. 

In  the  design  of  induction  generators,  attention  must  be  given 
to  certain  matters  which  do  not  come  in  for  consideration  in  the 
design  of  synchronous  generators.  Notable  amongst  these  is  the 
requirement  that  the  machine  shall  have  a  fairly  short  air  gap, 
whereas  it  is  usually  preferable  that  the  air  gaps  of  synchronous 
generators  shall  be  of  considerable  radial  depth.  In  the  induc- 
tion generator  the  fairly  short  air  gap  is  rendered  essential  by 
the  circumstance  that  the  magnetomotive  force  occasioning  the 
flux  is  provided  in  the  same  windings  which  supply  electricity 
to  the  external  circuit.  The  current  in  the  stator  windings  is 
the  resultant  of  this  exciting  current  and  of  the  main  current 
delivered  to  the  load.  The  greater  the  air  gap,  the  greater  is  the 
m.m.f.  required  to  overcome  its  reluctance,  and  the  greater,  con- 
sequently, is  the  exciting  component  of  the  total  current  in  the 
stator  windings. 

It  is  not  alone  with  the  object  of  reducing  to  a  minimum  the 
total  current  in  the  stator  windings  corresponding  to  a  certain 
output,  that  we  strive  to  minimize  the  exciting  current,  but  it  is 
also  with  the  object  of  decreasing  the  size  (and  cost)  of  the  appa- 
ratus from  which  this  exciting  current  is  obtained. 

Let  us  assume  the  case  of  a  certain  induction  generator,  in 
which  the  exciting  current  per  phase  (at  full  load)  is  35  amperes, 
and  the  current  output  from  the  machine  at  full  load  is  100 
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amperes.  These  component  currents  and  their  resultant  are 
shown  in  Fig.  1,  and  it  is  seen  that  the  resultant  current  in  the 
stator   windings  is 


LOAD  CURRENT    C=100AMPO 


V35*  +  100*  =  106  amperes 

The  PR  loss  in  the  stator  windings  is  12  per  cent  greater 
(since  1.06«  =  1.12)  than 
would  be  the  case  had  the 
windings  only  to  carry  the 
main  current  of  100  amperes. 
Nevertheless  this  superposi- 
tion of  the  exciting  and  main 
currents  is  economical,  for  if 

two  independent  windings  Fig.  1— Diagram  Showing  Com- 
were  provided  for  them  as  ^^^^^"^  ^^^  Resultant  Currents  in 
•   j«     i.  J  •     T^»      n    -J.  1 J  THE  Windings  of  One  Phase  of  an 

indicated  in  Fig.  2,  it  would  i^„„„,o^  Generator. 

be  necessary  to  provide  an 

aggregate  carrying  capacity  for  (100  +  35)  =  135  amperes  in 
these  two  windings,  whereas  the  canying  capacity  of  the  single 
winding  indicated  in  Fig.  3,  need  only  be  proportioned  for  106 
amperes.     Or,  for  the  same  aggregate  weight  (and  outlay)  for 


fm) 


D 


z 


Fig.  2 — Sketch  of  Stator  Slot  and  Diagram  of  Stator  Wind- 
ings OF  A  Hypothetical  Three-phase  Induction  Generator  Provided 
with  Separate  Windings  for  the  Main  Current  and  the  Exciting 
Current. 


copper  in  the  two  cases,  as  indicated  in  Fig.  4,  the  losses  would  be 
proportional  to 

1 .  35*  =  1 .  82  for  the  two  independent  windings  as  against 

only 

1 .  06*  =  1.12  for  the  single  winding. 

A  single  winding  is  always  employed,  not  only  for  this  reason 
but  on  account  of  the  high  degree  of  simplicity  attending  the 
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operation  of  such  generators.  But  since  it  may  be  of  interest  to 
engineers  who  have  not  heretofore  given  much  thought  to  the 
subject  of  induction  generators,  there  are  shown  in  Figs.  5  and  6 


a. 
< 


Si 


1 


Fig.  3 — Sketch  of  Stator  Slot  and  Diagram  of  Stator  Wind- 
ings OF  A  Three-phase  Induction  Generator  Provided  in  the 
Usual  Way  with  a  Single  Winding  in  which  the  Main  and  Excit- 
ing Components  of  the  Current  are  Superposed. 

the  connections  which  would  correspond  to  the  two  respective 
arrangements  which  have  been  mentioned. 

In  Fig.  5,  the  exciter  A  is  shown  as  a  synchronous  polyphase 
generator.     The  excitation  for  A  is,  in  turn,  provided  by  the 


Fig.  4 — Sketches  of  Slots  and  Windings  for  Two  Cases, 
Relating  Respectively  to  Two  Independent  Windings  for  the 
Exciting  and  Main  Currents  and  to  a  Single  Winding  in  which 
These  Currents  are  Superposed. 

The  I^R  loss  in  the  first  case  (represented  at  the  left)  is  62  per  cent  greater,  for  a  given 
load,  than  in  the  second  case  (represented  at  the  right) 


direct -current  generator  B,  The  polyphase  exciter  A  supplies 
35  amperes  to  the  independent  exdting  winding  C  of  the  induc- 
tion generator.  D  is  the  main  winding  of  the  induction  generator 
and  it  delivers  100  amperes  to  the  step-up  transformers  E  of 
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a  three-phase  transmission  system  F.  In  Fig.  6  the  synchronous 
generator  A  is  shown  as  not  only  supplying  the  excitation  to 
the  induction  generator  /,  but  as  also  supplying  current,  through 
step-up  transformers  G,  to  the  three-phase  transmission  system 
F.  If  the  synchronous  generator  A  also  delivers  100  amperes  to 
its  step-up  transformers  in  addition  to  the  35  amperes  of  excita- 


\9MMMJ    \m»J   \MUMJ 

fpptt^  |w»n  rnw|' 


Fig.  5 — Connections  for  Operating  a  Hypothetical  Induction 
Generator  Provided  with  a  Separate  Winding  for  Its  Excitation. 
THE  Excitation  being  Sitpplied  from  a  Small  Synchronous  Machine. 

C  U  the  induction  generator's  exciting  winding;    D  is  its  main  winding;    A  is  the 
ssmchronous  exciter  and  B  is  the  latter's  continuous-current  exciter. 

tion  which  it  supplies  to  the  induction  generator  /,  then  the 
current  in  its  windings  (if  the  100  amperes  is  at  unity  power 
factor)  will  be 


+  35*  =  106  amperes. 


Fig.  6 — Connections  for  Operating  a  Hypothetical  Induction 
Generator  /  with  Separate  Exciting  and  Main  Windings,  in 
Parallel  with  a  Synchronous  Generator  A,  the  Latter  also  Sup- 
plying the  Excitation  for  the   Induction  Generator. 


Consequently,  although  the  supply  from  the  synchronous  genera- 
tor A  to  the  transmission  system  is  at  unity  power  factor, 
nevertheless  the  power  factor  of  the  resultant  load  on  A  is  only 


100 
106 


=  0.944 
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As  already  stated,  the  induction  generator  is  never,  in  practise, 
furnished  with  two  independent  windings  for  carrying  respect- 
ively the  magnetizing  current  and  the  main  current.  On  the 
contrary,  it  is  invariably  supplied  with  only  one  winding  and  this 
winding  carries  the  resultant  current.  The  arrangement  is 
shown  in  Fig.  7.  The  induction  generator  /  still  obtains  its 
excitation  from  the  synchronous  generator  A. 

The  supply  of  the  wattless  component  devolves  entirely  upon 
the  synchronous  generator  A.  Let  us  consider  the  case  of  200 
amperes  delivered  at  0 .  80  power  factor  to  the  transmission  sys- 
tem.   We  may  proceed  as  follows: 

Energy  component  =  0.80  X  200  =  160  amperes 
Wattless         "  =  a/200'  -  160^  =  120  amperes. 


Fig.  7— Connections  Usually  Adopted   for   an    Induction  Gen- 
erator /  Operated  in  Parallel  with  a  Synchronous  Generator  i4. 

If  the  induction  generator's  capacity  is  only  100  amperes 
output  and  106  amperes  input  (the  figures  we  have  taken  up 
to  this  point),  then  the  synchronous  generator  must  provide 
to  the  transmission  line  not  only  an  energy  component  of 
160  —  100  =  60  amperes  but  also  a  wattless  component  of  120 
amperes.  Furthermore  it  must  provide  to  the  induction  generator 
a  wattless  component  of  35  amperes.  Thus  the  synchronous 
generator's  total  output  is  made  up  of  an  energy  component  of  60 
amj)eres  and  a  wattless  component  of  120  +  35  =  155  amperes. 
The  resultant  current  from  the  synchronous  generator  is  con- 
sequently 

V602  +  1552  =  166  amperes. 
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Furthermore,  this  ctirrent  is  supplied  at  a  power  factor  of  only 

160   =  ^-^^ 

We  have  now  roughly  examined  two  cases.  These  have  both 
related  to  the  supply  of  200  amperes  to  a  transmission  system. 
In  the  first  case  this  200  amperes  was  at  unity  power  factor  and 
in  the  second  case  it  was  at  a  power  factor  of  0 .  80.  In  both  cases 
the  induction  generator  supplies  100  amperes  at  unity  power 
factor.  In  the  first  case  it  devolves  upon  the  synchronous  gener- 
ator to  supply  106  amperes  at  a  power  factor  of  0.944  and  in  the 
second  case,  166  amperes  at  a  power  factor  of  0.36.  For  the 
second  case  the  synchronous  generator  would  be  required  to  have 
a  thermal  capacity  for  a  57  per  cent  greater  kilovolt-ampere 
output  than  in  the  first  case.  The  point  to  be  noted  is  that  the 
induction  generator's  limitation  that  it  can  only  deal  with  a 
unity  power  factor  load  has  for  a  consequence  that  the  syn- 
chronous machines  with  which  it  operates  in  parallel  must  bear 
the  burden  of  providing  not  only  the  entire  wattless  component 
of  the  load  on  the  transmission  system,  but  also  the  magnetizing 
current  for  the  induction  generator.  In  many  instances,  how- 
ever, the  circumstances  are  much  more  favorable  than  in  the 
case  taken  for  the  purpose  of  the  above  explanation. 

These  examples  emphasize  the  point  that  the  induction  gen- 
erator is,  in  general,  much  less  useful  in  connection  with  supply- 
ing a  circuit  connected  to  a  load  of  low  and  lagging  power  factor 
than  it  is  for  supplying  unity  power  factor  circuits.  As  will  be 
made  clear  in  the  course  of  this  paper,  while  the  economic  field  for 
the  induction  generator  is  not  necessarily  exclusively  limited  to  the 
supply  of  electricity  to  unity  power  factor  circuits,  nevertheless 
the  requirements  are  more  appropriately  met  by  including  in  the 
generating  station  equipment  a  certain  proportion  of  induction 
generators,  when  the  supply  is  for  a  unity  power  factor  system, 
or  better  still,  for  a  system  in  which  the  power  factor  is  less  than 
unity  and  the  current  leading. 

So  let  us  first  consider  the  case  of  a  large  generating  station 
for  the  supply  of  60-cycle  electricity  to  synchronous  substations. 

For  the  high  speeds  corresponding  to  the  preferable  design  of 
steam  turbines,  the  induction  generator  is,  in  most  respects, 
pre-eminently  appropriate  not  only  as  regards  its  electrical  but 
also  its  mechanical  characteristics.  Let  us  fix  ideas  by  taking 
the  case  of  a  5000-kw.  unit  for  60  cycles.    Such  a  unit  would  be 
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designed  for  a  speed  of  either  1800  rev.  per  min. ,  in  which  case  the 
generator  would  be  designed  with  four  poles,  or  else  a  speed 
of  3600  rev.  per  min.  would  be  employed,  the  generator  being 
designed  for  two  poles.  In  the  former  case,  the  generator  could 
be  either  of  the  synchronous  or  of  the  induction  type.  In  the 
latter  case  {i.e. ,  when  employing  only  two  poles) ,  while  a  design  of 
the  synchronous  type  presents  such  grave  difficulties  that  3600 
rev,  per  min,  machines  arc  rarely  built  for  more  than  one-half  this 
rating,  the  conditions  arc  in  most  respects  especially  favorable 
for  the  design  of  an  induction  generator.     Figs,  8  and  9  show 


Bipolar  Synchronous 


the  rotor  construction  of  the  synchronous  and  induction  gener- 
ators respectively.  The  smaller  amount  of  copper  and  the  ab- 
sence of  insulation,  end  connections,  slip  rings  and  brushes  greatly 
simplifies  the  mechanical  construction  of  the  induction  rotor. 

The  advantages  of  employing  for  this  output  (5000  kw.  at 
60  cycles)  a  speed  of  3600  rev.  per  min,  relate  to  the  lesser  weight, 
lower  cost,  or  lower  steam  consumption  of  such  a  set  as  compared 
with  a  set  for  the  lower  speed  of  only  1800  rev.  per  min. 

Some  estimates  have  been  made  regarding  the  cost  of  a  com- 
plete turbo-generator  set  comprising  such  a  5000-kw.  bipolar 
3ti00-rev.  per  min.  induction  generator.    Representing  this  cost 
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by  100,  the  cost  of  a  turbine-driven  synchronous  set  for  the  same 
output  of  5000  kw,  at  unity  power  factor,  but  having  four  poles 
and  operating  at  a  speed  of  1800  rev.  per  min.,  works  out  at  125. 
But  the  power  factor  of  high-speed  induction  generators  will 
be  of  the  order  of  0.95  to  0.97  (according  to  the  radial  depth  of 
the  air  gap)  and  hence  even  when  the  power  factor  of  the  sys- 
tem supplied  by  the  generating  station  is  unity,  nevertheless  the 
synchronous  generators  will  have  a  power  factor  of  less  than 


Fig.  9— Typical  Con; 


unity,  since  they  must  supply  the  magnetizing  current  for  the 
induction  generators.  If  we  insta'l  5000-kv-a.  sets  and  if  wc  have 
the  same  number  of  induction  and  synchronous  generators,  i.e., 
if  we  have  one  synchronous  generator  for  each  induction  gener- 
ator and  if  the  load  on  the  station  at  any  time  is  equally  divided 
between  the  two  types,  then  the  load  on  the  synchronous  gener- 
ator will  be  of  the  order  of,  say,  0.95  power  factor.  When  the 
generator  is  designed  for  an  output  of  5000  kw,  at  0.95  power 
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factor  (or  an  output  of  5250  kv-a.)  the  cost  of  the  complete 
synchronous  set  increases  to  129.  The  two  sets  (one  with  an 
induction  generator  and  the  other  with  a  synchronous  generator) 
cost  100  +  129  =  229. 

This  is  just  about  the  cost  of  a  four-pole,  10,000-kw.,  100  per 
cent  power  factor  synchronous  turbine-driven  set  for  a  speed  of 
1800  rev.  per  min. 

But  certain  very  distinct  advantages  are  in  some  cases  at- 
tained by  the  use  of  two  5000-kw.  sets  in  place  of  a  single  10,000- 
kw.  set  when  the  capital  outlay  is  as  low  for  the  two  5000-kw. 
sets  as  for  the  single  10,000-kw.  set.  Thus,  suppose  we  have  a 
station  equipped  with  three  synchronous  and  three  induction 
generators,  each  of  the  six  generators  having  a  capacity  for  5000 
kw.  and  the  synchronous  generators  having  the  slight  excess 
capacity  required  for  exciting  the  induction  generators.  When 
the  load  does  not  exceed  5000  kw.,  the  station  can  be  operated 
with  only  one  generator  and  this  will  be  of  the  synchronous  type. 
It  will  have  better  economy  than  a  10,000-kw.  set  operated  at 
less  than  half  load.  When  the  load  is  increased  to  between  5000 
and  10,000  kw.,  one  of  the  induction  sets  will  be  thrown  on  and 
will  run  up  without  requiring  synchronizing.  When  the  load 
exceeds  10,000  kw.  but  is  less  than  15,000  kw.,  a  second  induc- 
tion generator  will  be  put  in  circuit  and  the  two  induction  gen- 
erators will  be  excited  by  a  single  synchronous  generator.  Owing 
to  their  higher  speed  (3600  as  against  1800  rev.  per  min.),  the 
induction  generators  will  have  a  slightly  lower  steam  consump- 
tion than  the  synchronous  generators  and  hence  it  will  be  in  the 
interests  of  economy  (and  also  of  simplicity  in  operation)  to 
have  in  circuit  at  any  time  a  maximum  of  capacity  in  induction 
sets  and  a  minimum  of  capacity  in  synchronous  sets.  In  fact, 
of  two  alternative  layouts  for  a  generating  station  to  supply  a 
given  load,  two  5000-kw.  synchronous  and  three  5000-kw. 
induction  sets  would  usually  be  the  practical  equivalent  (as 
regards  adequate  provision  for  spare  plant),  of  thfee  10,000-kw. 
synchronous  sets.     The  capital  cost  would  be: 

Five  5000-kw.  sets     3  X  100  -f  2  X  129  =  558. 
Three  10,000-kw.  sets   3  X  220  =  660 

The  initial  outlay  for  generating  sets  would  thus  be  consider- 
ably greater  in  the  latter  case  and  there  would  be  no  compensating 
advantage  in  the  matter  of  lower  steam  consumption,  but  rather 
the  reverse.    Furthermore,  the  outlay  for  switch  gear  and  control- 
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ling  apparatus  would  be  no  greater  in  the  first  instance,  owing  to 
the  greater  simplicity  in  operating  induction  generators.  A  much 
smaller  aggregate  capacity  of  exciter  sets  would  be  required  for  the 
first  proposition.  But  this  superiority  of  the  first  proposition  only 
holds  for  a  system  consimiing  electricity  of  unity  power  factor, 
or  for  a  system  reqtiiring  a  leading  current,  as,  for  instance,  a 
system  in  which  all  the  electricity  from  the  generating  station 
is    delivered  to  synchronous  substations.      To  emphasize  this 


10000  K.W. 

Fig.  10 — Vector  Diagram  of  the 
Energy  Component,  Wattless  Com- 
ponent AND  Resultant  kv-a.  for  a 
System  Consuming  10,000  kw.  at  a 
Power  Factor  of  0.80. 


5000  K.W 


Fig.  11 — Vector  Diagram  of  the 
Energy  Component,  Wattless  Com- 
ponent and  Resultant  kv-a.  in  the 
Windings  of  a  5000-kw.  Induction 
Generator. 


5000  K.W. 


Fig.  12 — Vector  Diagram 
OF  THE  Energy  Component, 
Wattless  Component  and 
Resultant  kv-a.  in  the 
Windings  of  a  5000-kw.  Syn- 
chronous Generator  Oper- 
ating IN  Parallel  with  a 
.5000-KW.  Induction  Gener- 
ator IN  Supplying  10,000  kw. 
at  a  Power  Factor  of  0.80. 


point  let  us  carry  through  an  estimate  for  a  case  where  the  power 
factor  of  the  system  is  0.80.  Let  us  consider  that  there 
is  one  synchronous  generator  and  one  induction  generator. 
The  former  has  four  poles,  nms  at  1800  rev.  per  min.  and 
has  an  output  of  5000  kw.  The  latter  has  two  poles, 
runs  at  3600  rev.  per  min.  and  has  an  output  of  5000  kw.  The 
induction  generator  cannot  supply  the  lagging  component,  con- 
sequently the  synchronous  generator  must  supply  twice  as  great 
a  lagging  component  as  would  be  the  case  were  both  generators 
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of  the  synchronous  type.  Indeed,  the  synchronous  generator 
must  also  supply  the  magnetizing  current  for  the  induction 
generator.    The  system  supplied  by  the  two  generators  consumes 

10,000  kw.  at  0 .  80  power  factor  or  (^^^  =  )  12,500  kv-a.  The 

diagram  conforming  to  these  conditions  is  shown  in  Fig.  10  and 
it  is  seen  that  the  wattless  component  of  the  electricity  con- 
sumed by  the  system  is  7480  kv-a. 

The  induction  generator  only  supplies  5000  kw.  and  is  not 
competent  to  supply  any  part  of  the  wattless  component.  Con- 
sequently this  entire  wattless  component  of  7480  kv-a.  must  be 
carried  by  the  synchronous  generator  in  addition  to  an  energy 
component  of  5000  kw.  (its  half  of  the  10,000  kw.).  Furthermore 
the  synchronous  generator  must  supply  the  magnetizing  kilo- 
volt-ampercs  for  the  induction  generator.  This  is  seen  from  the 
diagram  in  Fig.  11  to  amount  to  1610  kv-a.,  which  brings  the 
total  wattless  component  of  the  load  on  the  synchronous  gener- 
ator up  to  7480  +  1610  =  9090  kv-a. 

The  total  capacity  required  of  the  synchronous  generator  is 

seen  from  the  diagram  in  Fig.  12  to  be  10,360  kv-a. 

,^  -    ^     .     5000        ^   .Q 

Its  power  factor  IS  ^^  ^^^  =  0.48. 

10,360 

From  similar  calculations  at  other  power  factors  and  from  some 

preliminary  cost  ^timates,  the  following  table  has  been  derived. 

Power  factor  of  the  system  supplied.  .. !  1.00  0.90  0.80  0.70 

Power  factor  3600-rev.  per  min.  ind.  gen.         0.95  0.95  0.96  0.95 

Power  factor  1800-rev.  per  min.  syn.  gen.         0.95  0.61  0.48  0.39 

Kv-a.  capacity  of  1800-rev.  per  min.  syn. 

gen 5250  8200  10,400  12.900 

Excitation  of  syn.  gen.  (in  kw.) 26  42  50  60 

Initial  cost  of  syn.  gen.  set  (i.e..  including 

turbine) 129  155  175  196 

Initial  cost  of  ind.  gen  set  {i.e.,  including 

turbine) 100  100  100  100 

Total  for  the  two  gen.  sets 229  255  275  296 

Cost  for  one  1800-rev.  per  min.  syn.  gen. 

set  of  10.000  kw.  rated  output  at  the 

power  factor  of  the  system 220  —  240  — 

This  table  has  been  deduced  and  included  in  order  to  direct 
into  right  channels  the  exploitation  of  the  induction  generator. 
While  the  simplicity  of  the  induction  generator  and  various  other 
features  relating  to  its  operation  to  which  attention  will  be  di- 
rected in  a  later  section  of  this  paper,  indicate  for  it  an  appro- 
priate field  other  than  in  systems  of  imity  power  factor, 
nevertheless,  it  is  hardly  possible  to  emphasize  too  strongly  the 


HOBART  ANt>  KNOWLTON: 


U«ii 


rapid  increase  in  the  burden  which  a  decreasing  power  factor 
throws  on  the  synchronous  generator  in  a  system  supplied  jointly 
by  the  two  types  of  generating  sets. 

A  study  has  been  made  of  a  30,000-kw.  turbine-driven  set  in 
which  the  high-pressure  stages  are  incorporated  in  a  15,000-kw. 
bipolar  1500-rev.  per  min.  25-cycle  set  of  the  induction  type; 
the  low-pressure  stages  being  incorporated  in  a    15,000-kw., 


Fig.  13 — Genekal  Arbakcbment  of  a  30.0flO-Kw.  Tuibo-Gekerator 
CoriPRisiHG  Two  Components. 

TheK  components  coniiil  of  a  IS.OOO-kw..  1500-nv.  per  min.  induclinn  xt  and    a 
15.000-kw..  750  rev.  per  min.  tynrhronoui  Ht. 


four-pole,  750-rev,  per  min.  25-cycle  set  of  the  synchronous 
type.  Such  a  plan  gives  a  self-contained  set  and  permits  of 
very  material  advantages,  foremost  amongst  which  are  those 
relating  to  obtaining  a  high  thermodynamic  efficiency.  The 
estimates  indicate  that  such  a  set  would  yield  a  very  fine  per- 
formance. The  general  arrangement  of  this  30,000-kw.  set  is 
indicated  in  Fig.  13. 
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The  Design  of  Induction  Generators 

Were  it  not  for  the  fairly  small  radial  depth  of  the  air  gap  the 
design  of  the  stator  would  not  differ  in  any  material  respect  from 
that  appropriate  for  a  synchronous  generator  of  the  same  rating 
as  regards  output,  speed  and  periodicity.  But  the  appropriate 
radial  depth  for  the  air  gap  is  a  matter  of  only  a  few  millimeters 
in  the  case  of  induction  generators,  instead  of  a  matter  of  a  few 
centimeters  which  is  appropriate  for  large  synchronous  generators. 
In  Fig.  14  is  given  a  curve  showing  the  variation  in  power  factor 
for  varying  depths  of  air  gap  for  a  2500-kv-a.,  3600-rev.  per  min. 
induction  generator. 

The  small  air  gap  precludes  the  employment  of  wide  open 
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stator  slots,  for  with  such  a  construction,  the  surface  of  the  rotor 

is  the  seat  of  serious  losses.     These  losses  consist  both  of  eddy 

current   losses   and   of   hysteresis   losses  and  correspond  to  a 

frequency  depending  upon  the  number  of  stator  sl.^ts  and  speed. 

Thus  in  a  25-cyclc,  four-pole  machine  running  at  750  rev.  per 

min.,  and  having  72  stator  slots,  the  periodicity  of  the  magnetic 

pulsations  occasioned  at  the  surface  of  the  rotor  as  it  revolves 

•2x750x72 
past  the  stator  teeth  is  -     -r^^r =  900  cycles  per  second. 

The  losses  are  due  to  the  local  alterations  in  the  reluctance  of 
the  magnetic  circuit  followed  by  the  lines  of  self-induction  of 
the  stator  winding.     Consequently,  while  the  losses  are  of  but 

•Thefii:t.ur2  iip;);:trs  on  account  of  thire   b^ing  a  wave    peak  at   each 
Luijth,  with  a  valley  at  th::  slot,  making  900  cycles  per  second. 
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little  consequence  at  no-load  (since  the  current  in  the  stator 
winding  is  then  merely  the  magnetizing  current),  the  losses  at 
rated  load  would,  with  wide  open  stator  slots,  be  very  consider- 
able. Obviously,  then,  the  stator  slots  should  be  closed  (or,  at 
any  rate,  overhung),  so  that  the  flux  of  self-induction  of  the  stator 
winding  shall  not  cross  ovg-  into  the  rotor  in  any  considerable 
quantity.  Furthermore  it  is  important  to  keep  down  to  a 
reasonably  small  value,  the  magnetomotive  force  corresponding 
to  the  stator  conductors  in  a  single  slot  when  they  are  carrying 
full  load  current,  for  the  greater  the  magnetomotive  force,  the 
greater  will  be  the  amplitude  of  the  disturbances  giving  rise  to 
the  parasitic  losses.  Thus  in  an  induction  generator  it  is  much 
more  essential  than  it  is  in  a  synchronous  generator,  to  subdivide 
the  winding  amongst  many  small  slots  instead  of  concentrating 
it  in  a  few  large  slots. 

Similar  considerations  should  be  observed  in  the  design  of 
the  rotor.  The  rotor  conductors  are  arranged,  one  per  slot,  in 
closed  slots.  If  the  magnetomotive  force  of  each  rotor  conductor 
is  sufficiently  great,  serious  parasitic  losses  will  be  occasioned  in 
the  stator  teeth.  The  periodicities  of  these  disturbances  in 
the  stator  due  to  the  rotor  will  be  proportional  to  the  speed  and 
to  the  number  of  rotor  slots.  Thus  in  a  750-rev.  per  min.,  four- 
pole,  25-cycle  induction  generator  with  60  rotor  slots,  the  perio- 
dicity of  the  magnetic  disturbances  will  be 

2X750X60      -.^       .  - 
r^Tv —  =  750  cycles  per  second. 

Consequently  it  is  important  that,  both  in  the  stator  and  in  the 
rotor,  the  conductors  be  well  distributed.  These  considerations 
indicate  that  the  European  practise  of  employing  hand  winding 
in  closed  slots  has  a  greater  justification  for  induction  generators 
than  for  synchronous  generators.  But  if  it  is  preferred  to  employ 
form-woimd  stator  coils,  it  is  feasible,  after  the  windings  have 
been  placed  in  the  slots,  to  close  the  slots  by  the  insertion  of 
magnetic  wedges.  Such  wedges  have  been  developed  and  em- 
ployed experimentally  on  one  of  the  11, 000- volt,  four-pole, 
25-cycle,  750-rev.  per  min.,  7500-kw.  induction  generators  built 
for  the  Interborough  Rapid  Transit  Company's  59th  Street 
station. 

Tests  of  considerable  interest  were  made  on  this  generator, 
both  with  laminated  magnetic  wedges  and  with  wooden  wedges. 
There  are  five  7500-kw.  induction  generator  sets  in  the  station, 
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driven  by  turbines  supplied  with  exhaust  steam  from  five  7500- 
kw.  low-speed  reciprocating  sets.  All  the  induction  generators 
were  originally  equipped  with  wooden  wedges  and  the  radial  depth 
o£  the  air  gap  was  0 .  15  in.  The  arrangement  of  the  stator  and 
rotor  slots  is  shown  in  Fig.  15.  To  study  the  magnetic  disturb- 
ances occurring  with  increasing  load,  exploring  coils  were 
wound  around  the  tips  of  four  adjacent  stator  teeth.  It  was 
determined  to  supply  four  exploring  coils  for  the  reason  that 
the  machine  had  a  fractional- pitch  winding  and  the  conditions 
differ  to  a  certain  extent  in  different  teeth.  The  relation  of  the 
location  of  the  exploring  coils  to  the  windings  of  the  three  phases 
is  indicated  in  Pig.  16.     Each  exploring  coil  consists  of  a  single 
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turn  of  number  18  B.  &  S.  wire.  Oscillograph  records  were 
taken  at  the  terminals  of  these  exploring  coils  and  served  to 
disclose  the  presence  and  amphtude  of  the  ripples  superposed 
upon  the  main  flux.  The  amplitude  of  these  ripples  was  very 
considerable,  and  their  periodicity  was  750  cycles  per  second, 
corresponding  to  60  rotor  slots  and  the  turbine's  speed,  which 
was  750  rev.  per  min.  It  must  be  observed  that  these  ripples 
were  i)rescnt  notwithstanding  that  the  rotor  conductors  were 
located  in  holes,  the  upper  surfaces  of  which  were  12  mm.  (0 . 5  in.) 
below  the  surface  of  the  rotor.  It  is  fair  to  conclude  that  had 
a  similar  study  been  made  by  means  of  an  exploring  coil  wound 
around  a  rotor  tooth,  we  should  have  verified  the  presence  of 
900-cycle  ripples  in  the  rotor  teeth.    The  amplitude  of  the  ripples 
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increased  with  the  load.  This  is  interestingly  shown  in  the 
records  in  Figs.  17  and  18.  Those  at  the  left  relate  to  the  machine 
when  the  stator  coils  were  retained  by  wooden  wedges  and  those 
at  the  right  were  obtained  from  tests  made  after  replacing  the 
wooden  wedges  by  a  set  of  experimental  laminated  magnetic 
wedges.  Both  sets  of  records  have  been  re-drawn  to  bring  them 
to  the  same  scale.  In  Fig.  19  are  plotted  two  curves  showing  the 
magnitude  of  the  ripples  in  the  stator  as  a  fimction  of  the  load, 
for  a  machine  with  wooden  wedges  and  a  3.8-mm.    (0.15-in., 


Fig.  10 — Location  of  Exploring  Coils  for  Investigating  Ripples 

IN  Stator  Teeth. 


air  gap,  and  also  for  this  machine  when  re-fitted  with  the  experi- 
mental magnetic  wedges  and  with  the  air  gap  increased  to  6.4 
mm.  (0 .25  in.).  This  increase  in  the  air  gap  was  accomplished  by 
turning  down  the  rotor.  The  heating  tests  on  the  machine  did 
not  indicate,  however,  that  the  change  in  the  air  gap  materially 
affected  the  losses.  The  difference  in  the  magnitude  of  the  rip- 
ples is  correctly  ascribed  to  the  substitution  of  the  magnetic 
wedges. 

It  must  be  especially  noted  that  these  experimental  magnetic 
wedges  were  fitted  to  the  stalor  slots  for  the  express  purpose  of 
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studying,  by  temperatiu^  measurements,  the  decrease  in  the 
losses  in  the  rotor  due  to  the  900-cycle  ripples  occasioned  in  the 
rotor  by  the  large  concentrated  magnetomotive  forces  in  the 
stator  slots.  The  slight  diminution  shown  in  Figs.  17,  18  and  19 
to  have  been  occasioned  in  the  amplitude  of  the  720-cyclc  ripples 
in  the  stator  teeth  was  only  an  incidental  gain,  superposed  upon 
the  great  diminution  in  the  amplitude  of  the  ripples  which  is 
brought  about  by  embedding  the  rotor  conductors  12  mm.  (0.5 
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in.)  below  the  rotor  surface.  So  far  as  decrease  in  the  tosses  in 
the  stator  is  concerned,  the  addition  of  these  experimental 
magnetic  wedges  is  more  or  less  analogous  to  deepening  by  a  few 
more  millimeters  the  location  of  the  rotor  bars.  If  it  had  been 
practicable  to  provide  exploring  coils  around  the  rotor  teeth, 
oscillograph  records  would  assuredly  have  disclosed  a  diminution 
in  the  900-cycle  ripples  in  the  rotor,  in  a  ratio  out  of  all  propor- 
tion greater  than  the  relatively  slight  diminution  observed  in 
the  720-cycle  ripples  in  the  stator  as  shown  in  Figs.  17  and  18. 
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No-LoAD  Losses 

After  eliminating  the  friction  of  the  turbine  wheels  the  bearing 
friction  and  generator  windage  was  ascettained  to  amount  to 
120  kw.  The  core  loss  at  no-load  was  ascertained  to  be  176  kw. 
with  the  wooden-wedge  construction  and  135  kw.  with  the 
magnetic-wedge  construction. 

In  each  case  the  machine  was  cooled  by  the  circulation  through 
it  of  30,000  cu.  ft.  of  air  per  minute. 

The  ultimate  rise  of  temperatiu-e  at  no-load  as  observed  by 
thermometric  readings  of  the  temperature  of  the  outgoing  air 
varied  considerably  in  various  tests,  but  n:iay,  for  the  magnetic- 
wedge  construction,  be  taken  as  about  13.6  deg.  cent. 

The  internal  losses  to  which  the  temperature  rise  of  the  air 
is  due,  aggregated 

bearing    friction  and  windage  +  core    loss  =  120  -f  136  =  265 
kw. 
The  loss  per  degree  rise  of  temperature  was  thus 

f^^  =  18.9  kw. 

The  loss  per  cubic  foot  of  air  per  degree  rise,  is 

18,900  ^  ^.^^ 

Load  Tests 

When  tested  at  the  rated  load  of  7500  kw.  the  temperature  rise 
of  the  outlet  air  was 

25  deg.  cent,  with  wooden  wedges. 
20  deg.  cent,  with  magnetic  wedges. 

Employing  for  the  estimation  of  the  total  losses  at  rated 
load  the  value  of  18 .9  kw.  loss  per  degree  rise,  we  obtain 

Total  internal  losses  at  rated  load  with  wooden  wedges  = 
25  X  18.9  =  473  kw. 

Total  internal  losses  at  rated  load  with  magnetic  wedges 
=  20  X  18.9  =  378  kw. 

From  the  resistance  of  the  stator  windings  and  of  the  squirrel 
cage,  the  legitimate  PR  losses  are  ascertained  to  be 

Full-load  PR  loss  in  stator  windings,  18  kw. 

Full-load  PR  loss  in  squirrel  cage  windings,  30  kw. 

Thus  the  legitimate  losses  at  rated  load  are  made  up  as  fol- 
lows: 
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Bearing  and  windage  losses 120  kw. 

Stator  core  loss 135    ** 

Stator  PR  loss 18     " 

Rotor  PR  loss 30     « 

Allowance  for  legitimate  core  loss  in  rotor 5     ** 

Total  of  legitimate  losses  at  rated  load 308     " 

Consequently 

Parasitic   losses   at   rated   load   when   employing    wooden    wedges  = 

473  —  308  =  165  kw. 

Parasitic  losses  at  rated  load  when  employing  magnetic   wedges  =» 

378  —  308  =  70  kw. 

The  results  indicate  that  even  with  the  magnetic  wedges 
the  parasitic  losses,  at  rated  load,  still  amount  to  70  kw.  The 
greater  part  of  this  70  kw.  could  be  eliminated  in  a  design  employ- 
ing a  lower  magnetomotive  force  per  slot.  In  these  machines  there 
were  11  conductors  per  slot  and  at  rated  load  the  current  in  each 
conductor  amounted  to  about  210  amperes.  Consequently  at  rated 
load  the  crest  value  of  the  magnetomotive  force  concentrated 
in  a  single  stator  slot  is  no  less  than  11  X  210  X  VT=  3270 
ampere  conductors. 

In  the  rotor  there  are  only  60  slots,  each  containing  one  con- 
ductor, and  at  rated  load  the  current  in  each  conductor  is  about 
2700  amperes.  Thus  the  magnetomotive  force  per  rotor  slot 
has  a  crest  value  of  2700  X  ^2  =  3820  ampere    conductors. 

These  values  represent  imdesirably  great  concentration  of 
magnetomotive  force  and  in  spite  of  employing  closed  slots,  will 
occasion  such  great  periodic  fluctuations  in  the  flux  distribution 
as  to  give  rise  to  very  considerable  parasitic  losses.  The  remedy 
obviously  lies  in  employing  a  greater  multiplicity  of  slots  and 
less  magnetomotive  force  per  slot.  This  again  emphasizes  that 
in  the  case  of  induction  generators  it  is  of  greater  advantage 
even  than  in  synchronous  generators  to  wind  the  stator  for 
relatively  low  pressure  and  employ  comj^ensators  or  transformers 
to  step  up  to  the  line  pressure. 

It  appears  the  most  reasonable  i^lan  to  advocate  any  new  type 
of  apparatus  for  that  range  of  work  for  which  it  is  most  eminently 
appropriate.  Induction  generators  are  the  more  appropriate 
and  have  the  more  favorable  characteristics,  the  higher  the  speed 
and  the  greater  the  rated  output.  It  should  furthermore  be 
observed  that  it  is  j^yecisely  for  this  range  of  work  (extra-high 
speed  in  large  capacities)  that  very  grave  limitations  are  met 
with  in  the  design  of  synchronous  generators.  Yet  this  is  an 
ideal  rating  for  an  induction  generator,  for  it  would  require  but 
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a  very  small  magnetizing  current  and  would  have  a  rotor  of 
ideal  mechanical  and  electrical  simplicity,  whereas  a  bipolar 
rotating  field  for  excitation  by  direct  current  presents,  in  such  a 
size  and  for  such  a  speed,  thermal  and  mechanical  problems  of 
a  very  serious  nature.  Consequently  we  consider  that  the  most 
rational  plan  is  to  introduce  induction  generators  at  this  upper 
end  of  the  line  and  let  the  future  decide  how  far  they  will 
win  for  themselves  a  useful  field  at  lower  speeds  and  for  smaller 
capacities.  Personally,  we  are  of  the  opinion  that  the  inherent 
merits  of  induction  generators  will  secure  for  them  a  very  con- 
siderable field  of  usefulness  which  is  now  fairly  satisfactorily 
occupied  by  synchronous  generators.  But  the  place  to  intro- 
duce them  first  is  where  the  synchronous  design  either  fails  to 
be  feasible  or  involves  very  disadvantageous  features,  and  where, 
moreover,  the  induction  design  displays  its  best  characteristics. 

In  large  sizes  of  high-speed  induction  generators,  it  may  be 
preferable  to  use  a  rotor  in  which  the  shaft  and  core  are  cut  from 
a  solid  piece.  Such  a  construction  is  not  in  any  way  objection- 
able for  the  rotor  of  an  induction  generator,  for  we  can  design 
it  with  a  slip  at  rated  load  of,  say,  two-tenths  of  1  per  cent.  This 
corresponds  to  a  rotor  periodicity  of  only  (0.002  X  60  =  )  0.12 
of  a  cycle  per  second,  or  7.2  cycles  per  minute,  and imder such 
conditions  there  is  no  necessity  for  employing  a  laminated  core. 

The  necessity  for  employing  in  induction  generators  a  very 
small  air  gap  renders  it  more  important  than  in  synchronous 
generators  that  the  magnetomotive  force  per  slot  (expressed  in 
ampere  conductors  at  rated  load)  should  be  small.  This  requires 
the  subdivision  of  the  winding  amongst  a  larger  number  of  slots 
per  pole  than  would  be  sufficient  for  a  s>'Tichronous  machine  of 
the  same  rating.  The  subdivision  of  the  winding  in  many  slots 
increases  the  desirability  of  employing  a  low  pressure  and  renders 
it  especially  advantageous  to  adopt  the  plan  of  stepping  up  to 
the  line  pressure  through  a  compensator.  The  most  economical 
ratio  of  transformation  for  the  compensator  is  2:1.  Conse- 
quently if  an  induction  generator  is  to  supply  a  12,000-volt  sys- 
tem, it  should  be  wound  for  6000  volts  and  should  supply  the 
system  through  a  2  :  1  compensator. 

One  of  the  important  uses  for  the  induction  generator  is 
the  furnishing  of  additional  capacity  in  stations  which  are  at 
present  equipped  with  synchronous  generators.  In  general,  the 
slower  the  speed  the  more  adaptable  is  the  synchronous  genera- 
tor for  use  with  induction  generators.    This  is  due  to  the  fact 
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that  both  field  and  armattire  can  furnish,  without  dangerous 
heating,  the  extra  current  necessary  for  excitation.  In  engine- 
driven  and  slow-speed  waterwheel-driven  generators,  built 
from  eight  to  twelve  years  ago,  the  requirements  of  voltage 
regulation  were  such  that  the  temperatures  were  low,  conse- 
quently, such  machines  can  easily  perform  the  extra  duty  of 
exciting  the  induction  generator.  When  the  power  factor  of 
the  system  is  near  1 .00  the  extra  duty  will  not  usually  involve 
changes  in  the  exciter  or  field  winding.  In  other  cases  where 
the  exciter  voltage  would  be  insufiident  to  give  the  extra  field 
current  the  remedy  lies  in  exciters  of  higher  voltage  or  a  change 
in  the  field  winding. 

In  power  houses  of  the  above  class  there  is  usually  sufficient 
space  for  the  installation  of  a  high-speed  steam  turbine  unit 
without  the  necessity  of  enlarging  the  station.  Since  the  induc- 
tion generator  is  essentially  a  high-speed  machine  its  use  in  such 
a  station  is  an  inexpensive  means  of  greatly  increasing  the  output 
of  the  station. 

A  comparative  study  of  two  designs,  one  for  a  2500-kw.  syn- 
chronous generator,  and  the  other  for  a  2500-kw.  induction 
generator,  both  supplying  a  system  at  tmity  power  factor,  has 
led  to  results  from  which  the  following  table  of  data  has  been 
compiled: 


Synchronous 
generator 


Induction 
generator 


I 


I  I 

Core  loss 30      kw.  j  30      kw. 

Primary /«U  loss I     9.5     ■  10.6     ■  ' 

Secondary />IS  loss 6.5     ■  i  2.8     ■ 

Windage ,35         •  .35 

JTotal  loss,  excluding  friction  of  bearings 81          "  '  78.3     ■ 

Efficiency,  excluding  friction  of  bearings |   06 . 0  per  cent  ,  07      per  cent   ', 

I  Per  cent  slip  at  rated  load ;     0.0  per  cent  '  0.11  per  cent   > 

This  indicates  that  the  efficiency  is  practically  the  same  for 
either  type  of  generator.  The  ventilation  of  the  two  machines 
would  be  radically  different.  The  large  air  gap  of  the  synchro- 
nous generator  permits  of  a  design  in  which  the  air  passes  axially 
along  the  gap  and  out  through  air  ducts  normal  to  the  axis  of 
the  shaft.  The  small  air  gap  of  the  induction  generator  neces- 
sitates a  different  method.  For  this  machine  we  should  provide 
a  single  large  air  duct  in  the  center  of  the  armature  core  normal 
to  the  axis  of  the  shaft  and  a  number  of  axial  ducts  leading  from 
this  to  the  ends  of  the  machine.    These  would  be  supplemented 


iei2) 


INDUCTION  GENERATOR 


1743 


by  the  air  gap  and  by  small  passages  at  the  outer  surface  of  the 
core.  By  this  method  less  cooling  surface  is  required,  since  the 
temperature  gradient  parallel  is  only  a  fraction  of  that  normal 
to  the  plane  of  the  laminations.  In  both  machines  the  movement 
of  air  would  be  produced  by  fans  on  the  ends  of  the  rotor. 

In  Europe  several  other  methods  have  been  devised  whereby 
it  is  unnecessary  to  pass  the  air  axially  along  the  air  gap.  By 
one  method  the  air  from  the  fans  on  the  ends  of  the  rotor  is 


Fig.  20— a  Mi 


passed  to  a  chamber  at  the  external  surface  of  the  armature 
core.  This  chamber  opens  into  air  ducts  in  a  plane  at  right  angles 
to  the  shaft.  Suitably  shaped  space  blocks  lead  the  air  in  a  tan- 
gential direction  to  axial  ducts  just  back  of  the  stator  slots. 
The  air  then  flows  axially  through  one  section,  to  the  next  air 
duct  and  then  outwardly  in  a  tangential  direction  to  a  chamber 
at  the  outer  surface  of  the  core.  This  chamber  is  adjacent  to  the 
one  first  mentioned  and  leads  to  the  exit  from  the  stator  frame. 
Looking  along  the  axis  of  the  shaft,  the  air  flows  in  a  V-shaped 
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path,  the  axial  duct  back  of  the  stator  slots  being  at  the  apex. 
Thus  the  two  legs  of  the  V  are  separated  axially  by  a  single 
armattu'e  section.  The  method  is  illustrated  diagrammatically 
in  Fig.  20. 

Still  another  method  which  is  independent  of  the  air  gap 
consists  in  dividing  the  stator  frame  into  cylindrical  chambers 
placed  side  by  side.  The  air  is  forced  into  a  chamber  from  which 
it  first  passes  radially  toward  the  shaft,  then  axially  to  adjacent 
air  ducts,  and  finally  outwardly  to  a  chamber  alongside  the  one 
first  mentioned.  This  last  chamber  communicates  with  the  outer 
air.     The  method  is  illustrated  in  Fig.  21. 

There  are  several  other  methods  more  or  less  similar  to  the 


Fig.  21 — A    Method  for  Ventilating  Alternators. 
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above,  any  of  which  can  be  applied  to  the  induction  generator. 
On  account  of  the  small  air  gap  of  induction  generators  the 
value  of  the  critical  speed  of  vibration  is  especially  important. 
If  possible  the  critical  speed  should  be  at  least  10  per  cent  above 
normal.  If  other  important  considerations  require  employing  a 
critical  speed  below  normal  it  should  be  considerably  below, 
care  being  taken  that  the  second  critical  speed  is  also  removed 
from  the  normal,  preferably  above  it.  With  such  a  design  the 
rotor  should  have  a  very  careful  running  balance  before  it  is 
placed  in  the  machine.  A  damping  bearing  could  be  used  to 
prevent  the  rubbing  of  the  rotor  and  stator  if  for  any  reason  the 
machine  should  be  subjected  to  abnormal  vibration. 
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It  should  be  noted  that  in  cases  where  the  critical  speed  must 
be  below  the  normal  speed,  the  air  gap  cannot  be  so  small  as 
would  be  preferred  from  the  standpoint  of  minimizing  the  magnet- 
izing current.  A  consideration  tending  to  the  use  of  a  shaft  with 
a  critical  speed  below  the  normal  running  speed  relates  to  the 
lower  peripheral  speed  thereby  obtained  at  the  bearings. 

Let  us  now  turn  our  attention  to  the  application  of  the  induc- 
tion generator  in  instances  where  its  superiority  rests  upon  its 
practically  automatic  operation. 

The  necessity  for  the  constant  presence  of  attendants  can  be 
eliminated.  This  is  of  importance  in  such  cases  as  districts 
where  there  are  many  small  water  powers.  At  each  water  power 
a  generating  installation  should  be  provided.  The  output  from 
each  of  these  generating  stations  should  be  delivered  into  a 
transmission  line  feeding  to  a  collecting  station  where  all  these 
contributions  should  be  collected  and  delivered  to  a  main  trans- 
mission line.  In  each  generating  station  should  be  installed  an 
induction  generator  driven  by  a  waterwheel.  The  excitation 
should  be  i^rovided  by  synchronous  condensers  at  the  collecting 
station.  It  would  often  be  desirable  to  locate  the  collecting 
station  at  a  water  power  and  install  there  one  or  two  synchron- 
ous generators  driven  by  waterwhecls.  It  would  not  be  neces- 
sary to  have  attendants  at  the  small  induction  generator  stations. 
Occasional  inspection  would  suffice.  The  induction  generator 
would  be  connected  directly  to  the  line  and  the  energy  delivered 
from  the  watervv'heel  would  be  transformed  by  the  induction 
generator  into  electricity  and  would  in  this  form  be  received  at 
the  collecting  station.  If  the  line  should,  from  any  cause,  become 
open-circuited,  the  waterwheel  would  run  up  toward  double 
speed  and  either  this  should  be  provided  for  in  the  mechanical 
design   or   else   an   automatic   regulator   should   be   provided. 

Wc  wish  in  conclusion  to  call  attention  to  the  appropriateness 
of  the  induction  type  of  generator  when  the  supply  must 
be  in  the  single-phase  form.  It  is  well  understood  that  in  order 
to  neutralize  the  pulsating  armature  reaction  in  a  single-phase 
machine  it  is  necessary  to  provide  damping  windings  in  the  pole 
faces.  It  is  usually  found  preferable  that  these  damping  wind- 
ings should  take  the  form  of  an  ordinary  squirrel-cage  structure. 
Roughly,  but  with  sufficient  exactness  for  practical  purposes, 
we  may  say  that  if  the  aggregate  cross-section  provided  by  the 
face  conductors  of  the  squirrel  cage  equals  the  aggregate  cross- 
section  of  the  stator  conductors,  then  the  loss  incurred  in  neutral- 
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izing  the  pulsations  of  the  stator  current  is  about  equal  in 
amount  to  the  stator  PR  loss.  If  the  cross-section  of  the  rotor 
conductors  is  half  this  value,  then  the  loss  in  the  neutralizing 
winding  will  be  twice  the  stator  PR  loss,  and,  conversely,  if  the 
cross-section  provided  in  the  neutraUzing  winding  is  twice  that 
of  the  stator  conductors,  then  the  loss  in  the  neutralizing  winding 
will  be  only  half  the  stator  PR  loss.  But  in  a  synchronous 
generator  there  is  rarely  room  to  place  a  squirrel  cage  winding 
of  greater  aggregate  cross-section  than  that  of  the  stator  wind- 
ing, for  we  are  usually  crowded  for  space  even  for  the  main  field 
winding.  Consequently  the  losses  in  the  single-phase  generator 
include,  in  addition  to  those  in  a  three-phase  generator,  a  loss 
in  the  neutralizing  winding  and  this  additional  loss  is  usually 
of  about  the  same  magnitude  as  the  stator  PR  loss.  This  pulls 
down  the  efficiency  very  decidedly  and  leads  to  a  very  discredit- 
able result  in  that  the  single-phase  machine  not  alone  has  only 
about  half  the  capacity  of  the  same  machine  when  providing 
three-phase  electricity,  but  it  also  has  a  much  lower  efficiency. 

But  in  an  induction  generator  the  squirrel  cage  winding  is  the 
only  winding  on  the  rotor  and  it  is  in  any  case  exceedingly  liber- 
ally proportioned  in  order  that  the  rotor  PR  loss  shall  be  a  mini- 
mum. This  same  squirrel  cage  will  serve  very  effectively  to  neu- 
tralize the  pulsating  armature  reaction  and  it  would  appear  that 
the  resultant  PR  loss  in  the  squirrel  cage  will  be  very  small 
indeed.  Thus,  although  in  employing  an  induction  design  for 
the  single-phase  generator  we  still  find  it  necessary  to  forego 
utilizing  more  than  two-thirds  of  the  stator  winding,  and  must 
consequently  rate  the  machine  down  by  some  33  per  cent  below 
its  three-phase  rating,  we  shall  have  the  advantage  that,  so  far 
as  relates  to  the  rotor,  we  only  require  the  regular  squirrel 
cage  winding  and  this  will  not  be  the  seat  of  a  materially  greater 
loss  than  when  the  machine  is  employed  for  providing  three- 
phase  current.  The  stators  would  be  supplied  with  normal  three- 
phase  windings  and  all  three  phases  of  these  windings  would 
receive  magnetizing  current  from  the  corresponding  windings 
of  the  synchronous  generators.  Only  two  of  the  phases  would 
be  employed  for  providing  the  single-phase  current. 

The  tests  of  the  7500-kilowatt  induction  generators  of  the 
Interborough  Rapid  Transit  Company,  some  results  of  which 
have  been  incorporated  in  this  paper,  were  to  a  large  extent 
carried  out  by  Mr.  H.  G.  Stott  and  Mr.  H.  H.  Barnes,  to  whom 
the  writers  wish  to  offer  their  hearty  thanks  for  permission  to 
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employ  this  material.  They  also  wish  to  express  their  thanks  to 
Messrs.  G.  C.  Hall  and  G.  I.  Rhodes  of  Mr.  Stott's  engineering 
staff,  and  Mr.  T.  F.  Barton  of  Mr.  Barnes's  engineering  staff, 
and  to  Mr.  L.  T.  Robinson,  for  their  cordial  cooperation. 

In  conclusion  is  added  the  following  brief  bibliography  of 
some  leading  contributions  to  the  literature  of  the  subject. 
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SINGLE-PHASE   INDUCTION    MOTORS 


BY  W.   J.   BRANSON 


The  purpose  of  this  paper  is  to  develop  a  complete  vector 
analysis  of  single-phase  induction  motor  performance  as  the 
basis  for  an  accurate  circle  diagram  applicable  to  motors  of 
even  the  smallest  commercial  sizes.  To  accomplish  this,  it  will 
be  necessary  to  derive  mathematically  correct  formulas  or 
graphical  construction  for  several  quantities  and  relations  which 
have  been  treated  very  loosely  heretofore.  Of  these  the  most 
important  are 

1 .  The  value  of  the  secondary  no-load  current,  as  reflected  in 
the  primary. 

2.  The  construction  of  the  current  circle. 

3.  The  revolutions  per  minute. 

The  analysis  by  which  the  required  formulas  and  graphical 
processes  are  to  be  derived  will  be  based  on  the  transformer 
theory  of  the  induction  motor  as  distinguished  from  the  rotating 
field  theory.  At  the  outset,  therefore,  it  is  necessary  to  consider 
some  of  the  general  problems  involved  in  the  phenomena  of 
primary-secondary  transformation  as  affected  by  magnetic 
leakage. 

I.  Primary-Secondary  Transformation 

Fig.  1  rci^rcscnts  a  transformer  having  magnetizing  and  leakage 
characteristics  similar  to  those  of  an  induction  motor.  For  the 
purpose  of  sim])lification,  it  will  be  assumed  for  the  present  that 
the  primary  and  secondary  windings  have  1  to  1  ratio  and  that 
the  resistances  of  both  primary  and  secondary,  as  well  as  the  iron 
loss,  are  negligible. 
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Let 


permeance  of  mutual  path 


permeance   of  mutual  and  primary  leakage  paths  in  parallel 
permeance  of  mutual  path 


permeance  of  mutual  and  secondary  leakage  paths  in  paraHel 
Li    =  coefficient  of  self-induction  of  primary. 
Lt    =  coefficient  of  self-induction  of  secondary. 
M   =  coefficient  of  mutual  induction. 
P     =  2  AT  frequency. 

in    =  the   primary  magnetizing  current,   i.e.,    the    current 
which  flows  in  the  primary  with  the  secondary  open. 

From  the  physical  meaning  of  Kp  and  K,  as  given  above, 

KpLi  =  M 

K.Lt  =  M 


Pig.  1 

Since,  by  definition,  the  reactance  of  a  simple  inductive  circuit 
is  equal  to  P  L,  it  is  evident  that  the  reactance  of  the  primary 
winding  when  the  secondary  circuit  is  open, 

Xo  =  PLi 

Therefore,  the  magnetizing  current 

E 


PLi 


and  the  e.m.f .  induced  in  the  primary  winding  is  represented  by 
the  expression 

PLiu. 

At  the  same  time  an  e.m.f.  is  induced  in  the  secondary  equal  1  o 

PLiu,K, 
or 

PMu 
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In  other  words,  the  current  im  produces  a  flux  which  induces 
in  the  primary  winding  an  e.m.f.  equal  to  P  Li  im  and  the  portion 
of  this  flux  which  enters  the  secondary  core  induces  in  the 
secondary  winding  an  e.m.f.  equal  to  P  M  t^.  When  the  second- 
ary circuit  is  open,  these  are  the  actual  e.m.fs.  in  the  primary  and 
secondary  windings.  When  the  secondary  circuit  is  closed, 
however,  the  m.m.f.  of  the  secondary  current  opposes  and 
partially  neutralizes  the  m.m.f.  of  the  primary  current. 

Under  load  conditions,  therefore,  the  expressions  given  above 
do  not  represent  actually  existing  e.m.fs.  The  actual  e.m.f. 
values  are  obtained  by  taking  the  vector  sum  of  the  e.m.f.  which 
the  flux  due  to  the  primary  current  would  induce  if  the  second- 
ary current  did  not  exist,  and  the  e.m.f.  which  the  flux  due  to 
the  secondary  current  would  induce  if  the  primary  current  did 
not  exist. 

The  mathematical  relation  between  the  current  values  of  these 
hypothetical  e.m.f.  values,  which  become  actual  values  only 
when  there  is  no  reaction  between  the  primary  and  secondary, 
are  expressed  by  the  equations  which  follow: 

If  i  represents  the  primary  current  and  ei  the  primary  e.m.f. 
due  to  the  flux  produced  by  i, 

(1) 

and 

(2) 

If  €2  represents  the  e.m.f.  induced  in  the  secondary  by  the  flux 

produced  by  i, 

€2  ^  iP  M  (8) 

and 

€2 

'"^  PM  (4) 

If  t2  represents  the  secondary  current  and  €2  the  secondary 
e.m.f.  due  to  the  flux  produced  by  i^, 


ei 

= 

• 

PM 
K, 

• 

t 

^ 

«i 

P  M 

e2  =  t2 

and 


PM 
K.'  (8) 


**  "  '*  PH  (6) 
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If  f  1  represents  the  e.m.f.  induced  in  the  primary  by  the  flux 
produced  by  it, 

ei^-itPM  (7) 

and 

**  "  PM  (8) 

In  applying  this  method  of  analysis  to  the  problems  which 
immediately  follow,  and  which  lead  to  the  derivation  of  an  expres- 
sion for  reactance,  the  resistance  of  both  windings  and  the  iron 
loss  will  be  treated  as  negligible.*  The  hypothetical  e.m.fs.  will 
therefore  be  either  in  phase  or  directly  opposed  and  may  be 
added  or  subtracted  directly. 

1.  Relative  value  of  primary  and  secondary  currents  when  the 
secondary  is  short-circuited. 

Let  ih  =  primary  current. 
itk    =  secondary  current. 

Secondary  e.m.f.  due  to  n    ==  P  M  ik  (equation  3) 

Secondary  e.m.f.  due  to  ith  =   — ^  ^  (equation  6) 

There  is  no  resistance  drop  and  there  can  be  no  induced  e.m.fs. 
other  than  those  represented  by  the  above  expressions,  since  all 
fluxes  have  been  taken  account  of.  Therefore  the  e.m.fs.  cor- 
responding to  the  primary  and  secondary  currents  respectively 
are  equal  and  directly  opposed. 

At 

*2A  =  ih  Kt 

This  shows  that,  when  the  resistances  and  iron  loss  are  negli- 
gible, the  secondary  short-circuit  current  is  equal  to  the  current 
existing  at  the  same  time  in  the  primary,  multiplied  by  A',. 

2.  Demagnetizing  effect  of  secondary  current. 

Primary  e.m.f.  due  to  1*2*  ^  P  M  ith  (equation  7) 

The  above  e.m.f.  opposes  and  neutralizes  an  equal  component 
of  the  e.m.f.  due  to  the  primary  current  which  balances  the 

•Primary  resistance  will  be  neglecfed  in  all  discussions  preceding 
Section  VII,  and  iron  loss  will  be  neglected  in  all  discussions  preceding 
Section  VIII.  Both  quantities  will  be  correctly  treated  in  the  working 
diagram. 
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impressed  e.m.f.  This  leaves  a  portion  of  the  impressed 
e.m.f.  unbalanced  and,  as  a  consequence,  a  larger  primary  cur- 
rent flows.  The  primary  current  must  increase  until  the  balance 
is  restored  between  impressed  and  induced  e.m.f s.,  that  is,  until 
the  e.m.f.  due  to  the  added  primary  current  equals  and  neutral- 
izes the  e.m.f.  due  to  ij*. 

The  additional  primary  current  required  will  be 

P  M  i2h  X  p  T?  (equation  2) 

or 

This  shows  that  the  increase  in  the  value  of  the  primary  cur- 
rent due  to  the  demagnetizing  effect  of  the  secondary  current 

equals 

secondary  current  X  Kp 

3.  Relative  value  of  the  primary  current  with  the  secondary 
open  and  the  primary  current  with  secondary  short-circuited. 

From  (1)  above,  io*  =  U  K, 

From  (2),  the  increase  of  primary  current  due  to  the  demagnet- 
izing effect  of  i%k  equals 

ith  Kp 

or,  substituting  from  (1), 

ih  Kp  Ks 

This  is  the  additional  primary  current  due  to  short-circuiting 
the  secondary. 
Therefore,  the  total  primary  current 

ih  =  itn  +  ih  Kp  K, 
im  ^  ih  —  ih  Kp  Kg 
=  i\  (1  -  Kp  K.) 

**        1  -  KpK. 

4.  Equivalent  reactances.  Let  Xi  =  equivalent  reactance 
(total)  reduced  to  primary,  such  that,  neglecting  the  effect  of 
resistance  and  iron  loss,  if  E  be  impressed  on  the  primary  with 
secondary  short-circuited,  the  current  equals  E/Xi. 

Let  X2  =  equivalent  reactance  (total)  reduced  to  secondary, 
such  that  if  E  be  impressed  on  the  secondary  with  primary  short- 
circuited,  the  current  equals  E/Xt. 
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definition, 

E 
Xi 

=  n 

- 

• 

tm 

1  - 

■  Kp  Ks 

X, 

=  (1- 

-KpK.)  E* 

_a- 

-  Kp  K.)  P  U  i 

• 

_(!• 

-  Kp  K.)  P  M 

K, 

m 


By  similar  reasoning  it  may  be  shown  that 

„  (l-Kp  K.)  P  M 

II.  Transformer  Current  Locus 

Neglecting  the  effect  of  primary  resistance,  the  current  locus 
of  a  transformer  is  represented  by  a  semicircle  drawn  on  M  H 
(Fig.  2)  as  a  diameter.  The  correctness  of  this  construction  is 
demonstrated  as  follows: 

Draw  the  base  line  0  H  equal  to  E/Xi  and  locate  M  by  making 
0  M  equal  to  i».  Also  draw  the  lines  0  L  and  M  L  to  represent 
the  primary  and  secondary  currents.f  At  right  angles  to  0  L 
draw  the  line  0  W  to  represent  a  primary  e.m.f .  equal  to  P  Lit  and 
the  line  0  F  to  represent  a  secondary  e.m.f.  equal  to  PM  i. 
Also,  lay  off  at  right  angles  to  M  L  the  line  E  W  equal  to  P  Af  it 
and  the  line  D  Y  equal  to  P  L^  it, 

•The  product  of  Kp  Ks  which  is  represented  by  the  symbol  (Kr)  may 
be  derived  from  im  and  Xi  as  follows: 


Xi 

imXi 

E 

imX] 


{l'-KpKs)E 

im 

^l-KpKs 


l-'^^KpKs 

-  Kr 

fit  should  be  noted  that  M  L  represents,  directly,  the  current  which 
flows  in  the  primary  as  a  result  of  the  demagnetizing  effect  of  the  secondary 
current.  This  equals  secondary  current  multiplied  by  Kp,  Therefore  in 
terms  of  the  primary  current  scale  ML  »  i%  Kp, 
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The  vector  sum  D  0  ot  the  two  secondary  e.m.fs.  P  M  i  and 
P  Lj  ij  is  the  resultant  e.m.f.  in  the  secondary  and  is,  conae- 
quently,  equal  to  the  secondary  resistance  drop. 

Centering  attention  now  on  the  triangle  OWE.it  will  be  noted 
that 

EW  =  P  Mit 

=  PLihK^ 
X  PLiX  ML 


Fio.  2 


and  since 

OW  =  PLii 

X  P  LrXOL 
it  is  evident  that  EWistoSiLasOWis  to  0  L,  and  since 
the  angles  at  W  and  L  are  equal,  it  follows  that  the  triangle 
OWEis  similar  to  the  triangle  OL  M  and  therefore  0  £  is  at 
right  angles  to  O  M. 
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Continue  the  line  £  0  to  intersect  D  Yat  F,  Since  0  F  has  been 
constructed  at  right  angles  to  0  Af ,  0  F  at  right  angles  to  0  L  and 
F  F  at  right  angles  to  ML,  it  is  evident  that  the  triangle  0  Y  F 
is  also  similar  toO  L  M  and  therefore  similar  to  OWE,  and  since 
the  side  £0  of  the  triangle  0  IT  £  is  of  constant  length,  being 
proportional  to  the  impressed  voltage,  the  corresponding  side 
O  F of  the  triangle  0  Y  Fis  also  of  constant  length. 

From  the  similarity  of  the  triangles,  it  is  evident  that 

E  W 

and  the  voltage  represented  by 

FY  ^  P  Mi  ^„^*? 

P  Lit 

=  PMi     ^^** 


P  Mi/K, 
=  P  Mit  K, 
It  will  be  noted  by  reference  to  the  figure  that 

FD   =  DY -  FY 
therefore  the  voltage  represented  by 


PMii 
K. 


FD  =   .    -,  **  -PMiiKj, 


.  il-K,K.)PM 
=  »,  ^ 

=  ii  X% 

=  it  times  equivalent  reactance   re- 
duced to  the  secondary. 

That  is,  the  voltage  represented  by  line  FD  equals  i^  multiplied 
by  Xt,  the  latter  being  a  constant.  Therefore  FD  is  proportional 
to  it  and  may  represent  it  in  value  though  not  in  phase. 

As  regards  phase,  FD  is,  by  construction,  at  right  angles  to  it, 
and  DO,  which  represents  the  secondary  resistance  drop,  is  in 
phase  with  i^.    Therefore  FDOisa,  right  angle. 
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It  has  now  been  shown  that  the  line  0  F  is  of  constant  length 
and  that  the  angle  at  D  is  a  right  angle.  Therefore,  the  locus 
of  the  line  FD,  which  is  proportional  to  the  secondary  current, 
is  a  semicircle.  It  follows  that  the  locus  of  the  secondary  current 
vector  is  also  a  semicircle.  In  other  words,  if  the  secondary 
resistance  be  varied  from  zero  to  infinity,  the  point  L  will  move 
from  H  to  M  along  the  semicircle  MLH. 

Inasmuch  as  the  triangles  FDO  and  MLH  are  similar,  it  is 
evident  that  in  value,  though  not  in  phase,  the  line  ML  may 
represent  t2-X'2,  and  the  line  Lfl"  may  represent  *V2.  It  is  neces- 
sary, in  connection  with  formulas  to  be  developed  later,  to  note 
the  scale  to  which  the  reactance  and  resistance  drops  are  repre- 
sented bv  these  lines. 

Let  St  =  volts  per  inch. 

Si  —  primary  amperes  per  inch. 

^2  =  Si/Kp  =  secondary  amperes  per  inch. 

Since  i2  -Y2,  the  reactance  drop,  is  represented  by  the  same  line 
(ML)  as  the  secondary  current  (^2),  it  follows  that 

t2         it  Xt 


Si  St 

St  =  Si  Xt 

=  ^1^1 

K, 

This  shows  that  the  e.m.f.  scale  equals  the  secondary  current 
scale  multi])lied  by  X2.    In  other  words, 

reactance  droj)    =  M  L  X  StXt  volts 
and 

resistance  drop    =  L  H   X  S2X2  volts. 

It  should  also  be  noted  that  the  secondary  resistance  drop  is 
equal  to  the  secondary  current  vector  multiplied  by 

Xt    ^' 
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This  may  be  demonstrated  as  follows: 


=  M  L  ■- — ^  S4 

if  A  2 

=  ML-y-S. 
A2 

Another  relation  which  is  important  in  practical  work  may  be 
derived  from  the  above.    Since 


LHXS.  ^  ML-l^-S. 

it  follows  that 

LH         u 


ML       Xt 

In  determining  the  starting  torque  of  a  single-phase  induction 
motor,  it  is  convenient  to  make  use  of  the  fact  that  the  resultant 
flux  in  the  secondary  is  proportional  to 

LHS2  VXt 

It  was  shown  above  that  the.  secondary  resistance  droj^, 
which  is  equal  to  the  e.m.f.  induced  in  the  secondary,  is  repre- 
sented by  the  expression 

L  H  Si  Xi 

For  a  given  flux  the  e.m.f.  induced  in  the  secondary  varies  as 
the  turns,  or  as  the  square  root  of  the  reactance. 

L  HS2  X20C  (f>  VY2 

.      L  H  St  Xi 

VXt 
CO  L 11  St  y/Xt 

as  stated  above. 
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III.  Effects  of  Rotation  in  the  Two-Phase  Motor 
Inasmuch  as  an  induction  motor,  under  locked  conditions, 
is  simply  a  transformer  with  a  short-circuited  secondary,  the 
foregoing  may  be  considered  to  be  an  analysis  of  the  flux  e.m.f. 
and  current  relations  which  exist  when  the  rotor  is  at  rest  in 
either  a  single-phase  induction  motor  or  in  one  phase  of  a  poly- 
phase induction  motor.  The  next  step  is  to  include  in  this 
analysis  the  effects  of  rotation. 

The  flux,  e.m.f.  and  current  relations  in  the  rotor  of  a  single- 
phase  induction  motor  are  very  complicated  and  difficult  to 
analyze  directly.  The  most  satisfactory  method  of  procedure 
is  to  take  the  simpler  relations  of  the  two-phase  motor  as  a  basis 


or  point  of  departure  and  consider  the  changes  which  must  take 
place  in  the  rotor  when  one  primar>'  phase  is  disconnected  from 
the  line.  In  order  to  make  use  of  this  method,  we  must  make  a 
prcliminarj'  analysis  of  the  effects  of  rotation  in  the  two-phase 
induction  motor. 

Fig.  3  represents  the  electric  and  magnetic  circuits  of  a  two- 
phase  induction  motor,  equipped  with  a  squirrel  cage  rotor.  If  an 
alternating  e.m.f.  bo  impressed  on  phase  B,  a  flux  <l>  t  will  appear 
in  the  rotor  core  and  the  c.m.fs.  induced  in  the  rotor  conductors 
will  cause  a  current  to  circulate  in  the  plane  B  B.  Similarly, 
if  an  e.m.f.  be  impressed  on  phase  A,  the  flux  0,  wi'l  appear  and 
a  current  will  circulate  in  the  plane  .^.4.     If  the  rotor  be  allowed 
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to  rotate,  these  currents  will  continue  to  circulate  in  the  same 
planes,  passing  through  whatever  conductors  and  whatever  parts 
of  the  end  rings  happen  at  the  instant  to  be  in  the  right  position. 
In  other  words,  the  two  secondary  circuits  remain  fixed  in  the 
planes  A  A  and  BB  whether  the  rotor  is  in  motion  or  at  rest. 
These  two  secondary  circuits  will  be  designated  circuit  A  and 
circuit  B  respectively.  It  will  be  noted  that  circuit  -4  is  in 
inductive  relation  with  phase  A,  while  circuit  B  is  in  inductive 
relation  with  phase  B. 

It  will  be  evident  from  Fig.  3  that  when  the  rotor  is  in  motion 
the  conductors  constituting  circuit  A  will  cut  the  flux  <f>b  and 
also  that  the  conductors  of  circuit  B  will  cut  the  flux  <f>a.  An 
e.m.f .  due  to  rotation  will  therefore  be  generated  in  each  circuit. 


Hi 


1 


tf 

UJ' 


4 


'E/« 


4>i 


-C 


.ro 


D 

Fig.  4 — Represents    Conditions    at  the  Instant  when  Impressed 

E.M.F.   IS  AT  THE  POSITIVE    MAXIMUM,   FOR   PhASE  B. 


It  may  easily  be  demonstrated  that  in  each  circuit  the  rota- 
tional e.m.f.  is  directly  opposed  in  phase  to  the  transformer  e.m.f. 
which  caused  the  rotor  current  referred  to  above,  and  also  that 
at  synchronous  speed,  the  transformer  and  rotational  c.m.fs. 
will  be  not  only  opposed  in  phase,  but  exactly  equal,  so  that  no 
currents  will  flow  in  the  rotor. 

Throughout  the  following  pages  these  rotor  e.m.fs.  vnll  be 
designated  by  the  letter  E  with  the  subscript  /  or  r  indicating 
transformer  or  rotational  and  a  or  6  indicating  the  circuit. 

Eib  =  transformer  e.m.f.  in  circuit  B 
Erh  =  rotational     e.m.f.  in  circuit  B. 
Era  =  rotational     e.m.f.  in  circuit  A. 
Eta  =  transformer  e.m.f.  in  circuit  A. 
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Fig.  4  shows  the  phase  relations  of  the  fluxes  and  secondary 
e.m.fs.  of  a  two-phase  motor  running  at  synchronous  speed,  i.e., 
mechanically  driven  at  synchronous  speed  by  external  power. 

The  flux  e.m.f.  and  current  relations  in  one  phase  of  a  two- 
phase  induction  motor,  when  the  rotor  is  at  rest,  are  represented 
in  the  transformer  diagram,  Fig.  2.  Assuming  the  resistance  of 
both  primary  and  secondary  as  well  as  the  iron  loss  to  equal  zero, 

the  primary  current 

E 


PHASE  B 


CONSTANTS 
E  «  100 
im  =  1.H 

Xi=^  20 
Xj— ^  20 
Vi  ==  10 
r,    ==    0 


Fig.  5 


and  is  represented  by  OH.  In  case,  however,  of  an  actual  motor, 
having  a  secondary  resistance  greater  than  zero,  the  end  of  the 
locked  current  vector  will  be  at  some  point  on  the  semicircle, 
as  at  L.  When  the  motor  is  running  at  synchronous  speed,  and 
no  current  flows  in  the  rotor,  the  primary  current  will  have 
the  same  value  im  =  E/Xo  that  would  exist  if  the  rotor  were 
open-circuited. 
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Prom  the  last  statement,  it  is  evident  that  rotation  at  syn- 
chronous speed  has  the  same  effect  on  the  primary  current  as  a 
rotor  resistance  of  infinite  value.  Similarly,  as  will  now  be  shown, 
rotation  at  any  speed  below  synchronism  has  the  same  effect 
on  the  current  values  as  the  introduction  of  a  resistance  of  some 
finite  value  into  the  rotor  circuit. 

Referring  to  Fig.  5,  which  represents  the  flux  e.m.f.  and  cur- 
rent values  of  phase  B  under  operating  conditions,  it  will  be  noted 
that  the  resultant  rotor  flux  <^  6  is  at  right  angles  to  the  secondary 
current.  The  resultant  flux  of  phase  A  will  therefore  be  in  phase 
with  the  secondary  current  of  phase  B.  Consequently  the 
e.m.f.  (Erh)  generated  in  circuit  B  by  rotation  through  the  flux 
of  phase  A  will  add  directly  to  the  resistance  drop,  and  the 
effect  of  rotation  on  the  ciu"rent  values  is  the  same  that  would 
result  from  increasing  the  secondary  resistance  to  such  an  extent 
as  to  make  the  resistance  drop  equal  to 

it  r%  +  Erb 

Since  any  rotational  e.m.f.  equals  a  transformer  e.m.f.  due  to 
the  same  flux  multiplied  by 

rev.  per  min.* 


synchronous  speed 


it  follows  that 


rev.jpe£^min._  _  Erb^ 

syn.  Eta 

and  since  in  a  two- phase  motor  Eta  is  equal  to  En,  the  fluxes 
being  equal, 


rev,  per  min. 
syn. 

Ett 

OK 

OD 

OD-DK 

0  D 

TH  -  Jlf  r^^ 

f~H 

*For  sinusoidal  space  distribution  of  flux. 

fAs  will  be  shown  later,  0  D  —  T  H  X  Also,  as  shown  below, 

Se  Kp 

D  K  Sg  ^  itrt  '^  M  T  ^  rt  and  D  K  =  M  T^^, 

Kp  Sg  Kp 
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This  expression  equals  secondary  eflSciency,  as  will  be  evident 
from  the  following: 

Secondary  input  ==  Ett  X  it 

Secondary  copper  loss  =  (Ett  —  Ert)  U 

Secondary  efficiency      = ^  ~.        *^, '      ^ 

l^tb  X  ti 


Er 


Et 


IV.  Single-Phase  Performance — No-Load  Rotor 

Currents 

Suppose,  now,  that  with  the  motor  running  at  synchronous 
speed,  phase  A  (Fig.  3)  be  disconnected  from  the  line.  The  flux 
4>a  and  the  two  e.m.fs.  due  to  it  {Erh  and  E^)  will  disappear.  The 
two  remaining  e.m.fs.,  £i6  in  circuit  B  and  £r«  in  circuit  A,  will 
then  be  left  unopposed,  so  that  currents  will  begin  to  flow  in 
both  circuits.  It  is  especially  important  at  this  point  to  note 
the  actions  which  take  place  in  circuit  A.  Circuit  A  surrounds 
the  magnetic  path  from  which,  at  the  instant  we  are  considering, 
the  flux  of  phase  A  has  disappeared.  Until  the  actions  about  to 
be  described  have  been  completed,  no  flux  traverses  this  path. 

The  e.m.f .  Era  will  act,  therefore,  just  as  an  original  impressed 
voltage.  A  current  will  flow;  a  flux,  usually  called  the  **  cross 
flux,''  will  appear,  and  an  e.m.f.  will  be  induced.  The  phase 
relation  of  this  induced  e.m.f.  (£io)  will  be  approximate  but  not 
exact  opposition  to  the  impressed  e.m.f.  (-Er«),  as  shown  in  Fig, 
6,  which  is  the  ordinary  vector  diagram  of  flux  e.m.f.  and  current 
relations  in  a  simple  inductive  circuit. 

The  cross  flux  occupies  the  magnetic  circuit  of  phase  A  and  it 
is  therefore  cut  by  the  rotation  of  the  B  conductors.  Conse- 
quently, with  the  appearance  of  the  cross  flux,  a  rotational  e.m.f. 
appears  again  in  circuit  B,  and  the  phase  relation  of  this  rota- 
tional e.m.f.  {Erh)  to  the  opposing  transformer  e.m.f.  {Eth)  is 
such  as  to  leave  an  effective  or  unopposed  e.m.f.  in  the  circuit 
so  that  a  current  will  flow. 

It  will  now  be  shown  that  at  synchronous  speed  the  value 
and  phase  relation  of  the  effective  e.m.f.  in  circuit  B  is  such 
as  ot  make  the  current  exactly  equal  and  at  right  angles  to  the 
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magnetizing  cturent  in  circuit  A.  At  synchronous  speed, 
transformer  and  rotational  e.m.fs.  due  to  the  same  flux  must  be 
equal  and  in  phase  quadrature.  The  main  flux  induces  in  circuit 
B  the  transformer  e.m.f.  Etb*  represented  by  the  line  OD  (Fig. 
7),  and  generates  in  circuit  A  the  rotational  e.m.f.  Era  represented 
by  the  line 0  C.  Therefore,  O  D  must  equal  0  C and  COD  must 
be  a  right  angle.  For  similar  reasons  the  lines  O  K  and  0  G, 
representing  e.m.fs.  due  to  the  cross  flux,  must  also  be  equal  and 
at  right  angles.  Therefore,  the  angle  DO  K  equals  the  angle  COG 
and  consequently  the  triangles  D  O K  and  COG  are  equal. 

From  the  above  it  is  evident  that  D  X,  which  represents  the 
resistance  drop  in  circuit  5,  is  equal  and  at  right  angles  to  G  C, 


u 


<^« 


Fig.  6 — Represents  Conditions  at  the  Instant  when  Era    is    at 

THE  Positive  Maximum. 

All  other  fibres  represent  conditions,  }  cycle  later,  when  the  impressed  e.m.f.  in  phase 
B  is  at  the  positive  maximum. 


which  represents  the  resistance  drop  in  circuit  A ,  Therefore  the 
currents  also  must  be  equal  and  at  right  angles.  These  no-load 
rotor  currents  will  be  designated  i«  and  n  respectively. 

The  cross-field  magnetizing  current  *«  cannot  react  directly 
on  the  primary,  since  circuit  A  in  which  it  flows  is  not  in  inductive 
relation  with  the  active  primary  winding.  The  current  n, 
however,  which  flows  in  circuit  B — the  working  circuit  of  the 
rotor — reacts  on  the  primary  in  the  same  manner  as  the  working 
current,  and  as  a  result  of  its  demagnetizing  action,  an  additional 
no-load  current  im, — represented  by  the  line  M  5,  Fig.  8 — ^flows 
in  the  primary  winding.  At  a  speed  slightly  above  synchronism, 
as  will  be  shown  below,  the  current  im»  becomes  wattless  and  is 
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represented  by  the  line  M  V.  The  length  of  the  line  M  V,  which 
we  shall  now  proceed  to  determine,  is  the  first  of  the  three 
problems  enumerated  in  the  opening  paragraph. 

The  lines  0  S  and  M  S,  Fig.  8,  represent  the  primary  and  second- 
ary currents  when  the  motor  is  running  at  synchronous  speed. 
The  lines  O  W,  EW,  O  Y  and  D  Y  represent,  as  heretofore,  the 
hypothetical  e.m.fs.  corresponding  to  the  primary  and  secondary 
currents.  As  in  Fig.  7,  which,  it  will  be  noted,  is  reproduced  as 
a  part  of  Fig.  S,  D  0  represents  Ett,  the  resultant  or  effective 
transfonncr  e.m.f.  in  circuit  B;  0  C  At  right  angles  toD  0  repre- 
sents the  resultant  main  flux  and  also  the  rotational  e.m.f.  in 


Fig.    7 — Represents  Conditions  at  the  Instant  when  the  Imprbssbd 

E.M.F.    IS    AT    the    POSITIVE    MAXIMUM. 


circuit  A ;  C  G  represents  the  resistance  drop  in  circuit  A  due 
to  the  current  ia\  O  G  represents  the  transformer  e.m.f.  in  circuit 
A\  O  K.dit  right  angles  to  O  G,  represents  the  cross  flux  and  the 
rotational  e.m.f.  in  circuit  B\  while  D  K,  the  vector  sum  of  Eth 
and  Erby  represents  the  unopposed  e.m.f.  which  produces  the 
current  i  &. 

Since  the  rotational  e.m.fs.  vary  with  the  speed,  it  is  evident 
that  at  slightly  above  synchronism  the  value  oi  Er%  will  be 
increased  to  such  an  extent  as  to  bring  D  K  into  exact  phase  with 
O  M.  At  this  speed,  as  was  stated  above,  i^t  will  be  represented 
by  M  V.  The  primary  current  will  then  be  wattless  and  the  rotor 
copper  loss  will  be  supplied  mechanically. 
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This  condition  is  represented  by  Fig.  9.  At  the  speed  at 
which  the  current  imt  becomes  wattless,  that  is,  when  the  angle 
0 D KiSQ. right  angle,  the  cross  flux  is  equal  to  the  main  flux, as 
will  now  be  demonstrated. 

Inasmuch  as  K  0  G  and  DOC  are  right  angles,  it  is  evident 
that  the  angles  D  0  K  and  G  0  C  must  be  equal,  and  since  0  D  K 
and  0  G  C*  are  right  angles  by  construction, 


cos  0  = 


OD         OG 


OK         OC 


Therefore 


OD        OK         Ee,         En, 

or  —^- —  =  -^ — 


OG         OC 


fa  -Crro 


and  since 


rev,  per  min.      _firo^  _    £r» 
syn.  Eth        Eta 


it  follows  that 


E 


ra 


^    -E.t  X  £rt    ^  (^1* 
Eta  Era 


and 


ra 


Therefore 


<f>b        =  <f>^ 


Further,  since  the  triangles  OG  C and  0  D  K  have  been  shown 
to  have  a  side  and  two  angles  equal  and  are  therefore  equal  in 
all  parts,  it  follows  that  the  side  G  C,  which  represents  the  drop 
in  circuit  A ,  is  equal  to  D  K,  which  represents  the  drop  in  circuit 
B,  and  consequently  the  currents  !«  and  n  which  cause  the  drops 
are  equal. 

It  has  now  been  shown  that  at  the  speed  at  which  the  current 
imt  coincides  with  M  F,  the  cross  flux  equals  the  main  flux  and 

*The  assumption  that  0  G  C  is  a.  right  angle  neglects  the  effect  of  the 
cross-field  iron  loss,  which  reacts  on  circuit  A  just  as  the  main  field  iron 
loss  reacts  on  the  primary.  Actually  the  angle  0  G  C  is  slightly  larger 
than  a  right  angle.  This  fact  does  not,  however,  detract  from  the  practical 
accuracy  of  the  conclusions  reached  in  regard  to  the  value  of  the  current 
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the  current  in  circuit  B  equals  the  current  in  circuit  A,  For  this 
speed  the  physical  conditions  which  determine  the  value  of 
img  may  be  stated  as  follows: 

The  current  im$  is  the  increase  of  primary  current  due  to  the 
demagnetizing  action  of  n;    U  equals  ia,'   the  value  of  ia  is  fixed 


DY«  PL«t- 


-J    V 

C   ^ 

CONSTANTS 

E    = 

100 

I'm  — 

1.8 

Kp  = 

.8 

K,.   -= 

.8 

X,  = 

'20 

X-  — 

20 

r-  = 

iO 

Fig.  8 — Synchronous  Speed. 


by  the  fact  that  it  is  the  magnetizing  current  which  produces  the 
cross  flux;  the  cross  flux  equals  the  resultant  rotor  main  flux. 
Briefly,  we  have  to  determine  the  demagnetizing  effect  on  the 
primary  of  a  rotor  current  of  such  a  value  as  to  produce  in  the 
rotor  core  a  flux  equal  to  the  resultant  main  flux  in  the  rotor. 
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From  the  hypothetical  e.m.f.  vectors,  Fig.  9,  corresponding  to 
the  currents  i  and  n,  we  find  that  the  effective  e.m.f.  in  the  rotor 

The  rotor  magnetizing  current  required  to  produce  the  flux  by 
which  the  above  e.m.f.  is  induced, 


JD&  P 


Fig. 


V  OY«PMi 
Y 

9 — This  Figure  shows  Conditions  at  the  Speed,  above  Syn- 
chronism, AT  which  the  Primary  Current  is  Wattless 


i.  =  (P  Mi  -  ?^)  X  —^     (equation  6) 


=  K,i  —  it 
and  since  ««  and  »»  are  equal, 

it  =  K,i  —  ti 


K,    . 
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It  has  been  shown  above  that  the  increase  of  current  in  the 
primary  due  to  the  demagnetizing  effect  of  a  secondary  current, 
equals  the  secondary  current  multiplied  by  Kp. 

Therefore, 

/v  p  Kg 


Kp  Kg  ^. 


{im  +  im,) 


(1        Xp  Ks\  _   Kp  K,        . 
2     /  2  "* 


'm 


•       *"[     2       ^  2-  K,K.) 


=  *«  X 


2  -  iC,  K, 


=  OA/X  .    V 

1   4-  *"  -    ' 

It  is  interesting  to  note  that  the  value  of  Af  V  is  independent 
of  the  secondary  resistance. 

*  When  this  equation  is  used  in  practical  work,  it  is  necessary  to  take 
account  of  the  fact  that  ims  is  affected  less  by  saturation  than  tmt  owing 
to  the  low  density  of  the  cross  flux  in  the  primary  core. 

total  ampere  turns       ,  .     ^  . , 

U  S  F  M  ^         -—  —  T—      for  mam  field. 

ampere  turns  for  air  gap 

total  ampere  turns      ,  ^  , , 

and  5  F  C  = : for  cross  field, 

ampere  turns  for  air  gap 

the  complete  working  formula  for  M  V  becomes 

E  S  F  C 


i7:w 
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V.  Single- Phase  Current  Locls 
Neglecting  the  effect  of  primary  resistance,  the  current  locus 
Kti  a  single-phase  induction  motor  is  represented  by  a  circle 
ivtssing  through  V,  L  and  H,  Fig.  10,  That  the  current  locus 
l>asscs  through  V  and  L  is  ob\'ious.  but  that  it  is  a  true  circle 
and  also  passes  through  H,  requires  demonstration. 


In  constructing  Fig.  10,  0  i/and  OH  are  made  equal,  as  in 
the  previous  figure,  to  i„  and  E/Xi  respectively,  and 


M  V  =  0M  -X. 


KpK^ 
2  -  KpK. 


From  any  point  7"  on  a  circle  passing  through  V  and  L,  draw 
O  T  and  Af  r  to  represent  the  primary  and  secondary  currents, 
and  lay  off,  as  in  preceding  figures,  the  lines  to  represent  the 
corresponding  hypothetical  e.m.fs. 
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At  the  outset  it  should  be  noted  that  the  triangles  F  D  0  and 
M  T  H  are  similar,  each  line  o(  F  D  0  being  equal  to  the  corres- 
ponding line  oi  M  T  H  multiplied  by  the  expression 

S\  Xj 
St  Kp 


jn  which 


^    =  secondary  amperes  per  inch,  and 


Se  =  volts  per  inch. 

Considering  first  the  lines  F  D  and  M  T, 

FD  S.  =  i,A',  and 

MTSi  =  iiKp 

X  X 

MTSi  X  -^rA-  =  H  Kp-fi^ 

J\,p  A  p 

=  ii  Xi 
Therefore, 

X^ 


FDS.==  M  T  Si 


K: 

and 


C  V 

F  D  =  M  T  -J^      ^'  - ,  as  stated  above. 

Og      Kp 


Taking  next  the  lines  F  0  and  M  //, 
FOS.  =  Pilfi^*.  and 


MHSi  ^  {OH  -  OM)Si=    -^-  -  i,H 


♦From  the    similarity    of    the  triangles  OWE,  0   Y  F  and  0  T  M 
F  0  represents  P  Mi  X  jrzp^  which  equals  P  M  i^^ 
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Substituting  for  Xi  and  X2  the  expressions 


K, 

CtllU. 

K. 

I^O|^^V^«/A 

we    obtain 

Ap 

= 

E       PMi^-KpK. 
Kg                       Kp  Kg 

7  ¥i^ 

Substituting 

PM 

im 

1 

ior  E, 

Mil  Si   ^- 

Ap 

= 

PMu.- 

Kp  K, 

K.  P  M  u 

Therefore, 

= 

PMi„ 

FOS. 

=s 

MHSi  - 

K, 

- 

and 

FO  =  MH-^  -^-  as  stated. 

Og      Kp 

The  above  results  show  that,  in  length,  FD  is  to  MTasFO 
is  to  M  Hy  and  since  F  D  is  at  right  angles  to  M  T,  and  F  0  is 
at  right  angles  to  M  H,  the  triangles  M  T  H  and  F  D  0  are 
similar. 

Therefore,  the  line  Z>  0  is  at  right  angles  to  T  H  and  equals 

^^S.   K, 

In  a  similar  manner  it  may  be  shovm  that  0  P  is  proportional 
to   FH  and  equals 


VH 


Si     Xt 


St    Kp 


Directing  attention  now  to  the  e.m.f.  and  flux  vectors,  D  0 
represents,  as  in  preceding  figures,  the  resultant  induced  e.m.f. 
in  the  rotor;  0  B,  at  right  angles  to  D  0,  represents  the  resultant 
main  rotor  flux  <t>^;OC,SL  section  oiOB,  represents  the  rotational 
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e.m.f.  in  circuit  -4,  while  C  G  and  0  G  represent  respectively  the 
resistance  drop  and  the  induced  e.m.f.  in  circuit  A.  0^4,  at 
right  angles  to  O  G,  represents  the  cross  flux,  while  Erbf  the  rota- 
tional e.m.f.  in  circuit  B,  is  represented  by  0  K,  a,  section  of 
OA. 

It  will  be  noted  that  Ert  and  the  resistance  drop  D  K  are  not 
in  phase  as  they  were  in  Fig.  5.  This  is  one  of  the  main  distinctive 
features  of  the  single-phase  induction  motor.  It  is  due  to  the  fact 
that  the  secondary  current  M  T  has  a  component  M  Q  which  is 
90  deg.  out  of  phase  with  Etbt  or,  in  other  words,  parallel  to  T  H. 
The  existence  of  this  wattless  component  in  the  secondary  current 
is  the  catise  of  the  difference  between  the  two-phase  and  the 
single-phase  current  locus. 

At  a  speed  slightly  above  synchronism,  as  was  shown  on  a 
preceding  page,  the  secondary  ciurent  in  circuit  B  is  wattless 
and  M  T  coincides  with  M  V.  At  lower  speeds  the  wattless 
component  of  the  secondary  current  is  represented  by  M  Q. 

The  copper  drops,  due  to  the  two  components  of  the  secondary 
current,  are 

DJS.   ^TQ  ^^   r, 
=  N  M  %-  r, 


K 


p 


and 


JKS.  =  MQ-f    u 


K 


p 


in  which  Si/Kp  =  secondary  amperes  per  inch. 

The  angle  D  O A  equals  the  angle  GOB,  which  is  constant, 
and  since  O  J  K\sdi  right  angle  by  construction, 

JK  ^  OJ 

At  the  speed  at  which  M  T  and  N  T  coincide  with  M  V,  the 
line  0  J  coincides   with    0  P.      See    Fig.    9.*      Consequently, 

*In  Fig.  9,  J  coincides  with  D  because  0  D  K  is  a  right  angle.  D 
coincides  with  P  because  F  D,  which  represents  the  secondary  reactance 
drop,  being  proportional  and  at  right  angles  to  Af  T,  must  coincide  with 
F  P  when  M  T  coincides  with  M  V.    Therefore  0  J  coincides  with  0  P, 
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iVr-|i-r,  =  M7£r,   X^-^ 


NT  =  M\ 


=  MV 


rOJ 


OP 
OD  -  DJ 


Since 

OD  ^.TH 


OP 


^-^,  0  P  ^  V  H^^^'  ,andDJ=NM^, 


we  obtain  by  substitution, 

NT  =  MV  — 


S,K, 


S,K, 


VH 


TH  -  NM 


SiXt 


=  MV 


Xt 


VH 


Fig.  11 


To  simplify  the  analytical  equations  which  follow,  let  c  =  JV  T, 
d  =  MV,  R  =  TH,b  =  NM.  c  =  VH,  D  =  MH  and  K  = 

rt/Xt 

,R-  Kb* 
e  =  a  - 


R  =  e-^  +  Kb    (9) 

a 


c 

R  +  e 
D 


=  cos  e  (Fig.  11)     (10) 


jr-  =  sin  0,  and  6  =  D  sin  fl,  also  e  =  D  cos  6  —  R. 

*The  analytical  demonstration  which  follows  is  due  to  Mr.   Harold 
W.  Brown. 
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Substituting  in  equation  (9)  we  obtain 

R  =  (DcosO  -  R)-^  +  KDsine 

R  +  R  -^  =  D  cos  e -^  +  K  D  smd 
a  a 

r(  I +^-l\  =  c^  cosd  +  KDsmd 

R-T  =c^cose  +  KD  sine 
a  a 

I^  =  c  cos  e  +  Kd  sin  0  (11) 

Let  0  be  an  angle  whose  tangent  =  Kd/c,  and  M  the  denomi- 
nator of  a  fraction  such  that  sin  0  =  Kd/  M, 

Then 

Kd 

sin  <i>         M         c 


cos  0  = 


tan  4)        Kd       M 
c 


Dividing  equation  (11)  by  M  we  obtain 

R  c  r.   .    Kd 


=  -^>-   cos  0  H — i->-  sin  6 


M  M  '     M 

=  cos  <t>  cos  6  +  sin  <t>  sin  0 

=  cos  {6  —  0) 

i?  =  M  cos  {6  -  0)  (12) 

Since  R  is  i)roportional  to  the  cosine  of  a  variable  angle,  the 
curve  on  which  the  point  T  (Fig.  10)  lies  must  be  a  circle  passing 
through  the  origin  //.  (See  Cor.  2,  Prop.  39,  Nichols,  ** Analytic 
Geom".,  ed.  1893.)* 

*  Inasmuch  as  the  circle  passes  through  three  known  points,  V^  L 
and  //,  an  expression  for  the  elevation  of  the  center  above  the  base  line 
is  not  essential.  It  is  easily  shown,  however,  that  the  elevation  of  the 
center  above  the  line  O  II  is  equal  to 

0.5  M  V  -^- 
X2 

From  an  inspection  of  Fijj.  11,  it  is  evident  that  the  center  is  above  0  H 
a  distance  ec^ual  to  the  diameter  X  0.5  sin  0,  and  also  that  when  R 
coincides  with  the  diameter,  0  is  equal  to  0.  Equation  (12)  above  shows 
that  when  0  equals  0,  M  is  equal  to  R,  and  therefore  to  the  diameter. 
It  follows  that: 

Diameter  X  0.5  sin  0    =  Af  0.5  sin  0 

=  0.!>  Kd 

=  0.5  M  V  -^ 
Xt 
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VI.  Revolutions  per  Minute 

Attention  has  already  been  called  to  the  fact  that  at  sjmchro- 
nous  speed,  the  rotational  and  transformer  e.m.fs.  due  to  the  same 
flux  are  equal.    That  is, 

Era     =   Eth 

and 

Erb     =   Eta 

(See  Fig.  8). 
At  any  speed  below  synchronous, 

rotational  e.m.f.   _      rev,  per  min. 
transformer  e.m.f.      synchronous  speed 

Therefore, 

Era  __  rev.  per  min. 

F.th  syn. 

and 

Erh  __  rev.  per  min. 

E  ta  syn. 

Substituting  for  the  e.m.f.  s>'mbols,  the  e.m.f.  vectors  of  Fig. 
10,  we  have 

O  C   _  rev.  per  min. 
1)D   "         syn. 

and 

O  K    _  rev,  per  min. 
O  G  svn. 

from  which  we  obtain 


rev.  per  min.  _  k/P^  v  ^^ 
syn."  "     "  ^    O IT  ^   O  a 


Since 


we  obtain 


=  a/  OJL  V  ^i 
^   OD   ^   OG 

OK  =    y/Jol)'-  DJ)^ ~+~(JKy 


rev,  per  nun.  ^  ,i/v  (O^D  -  D  J)^  +  {J  KY  ^  OC 
syn.  ^  "  '  OD  OG 
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Since 

0  C        OK* 


OG         0  J 

=  ^(OD-I>J)*  +  (JK)* 
OD  -  Dj 
we  obtain 


rev.pcrmin.  ^  \/V(OD-D  J)*+{J K)*     V(0  D- D  J)*+(J K)* 
syn.     '  OD  OD-DJ 


./  (OD-Djy  +  JK* 
^        OD{OD  -  DJ) 

It  was  shown  above  that 

OD  =  TH^^ 

Sift 

StKp 

and 

JK  =  ivr|^ 

0«  Ap 

Substitutinj^,   wc  obtain 


/^/  =  NM 


rev,  per  mm.    __ 
syn. 


J       rH(rH-wji/^) 


U  N  T  X  r^lXi,  which  represents  the  resistance  drop  due  to 
the  wattless  component  of  the  secondary  current,  be  treated  as 
negligible,  this  expression  reduces  to 


rev.  per  mm 


■^^ 


Til  -  M  N-^ 


syn.  \  TH 

which  usually  gives  the  speed  with  sufficient  accuracy  for  practi- 
cal purposes. 

*It  is  assumed  here  that  0  G  C  is  a  right  angle.  As  was  shown  above, 
the  effect  of  cross-field  iron  loss  makes  the  angle  0  G  C  slightly  larger  than 
a  right  angle.  The  effect  on  the  speed  is  too  small,  however,  for  practical 
consideration. 
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VII.  Effect  of  Primary  Resistance 

In  developing  the  formulas  and  graphical  processes,  used 
in  the  construction  of  Fig.  10,  the  effect  of  primary  resistance 
has  in  all  cases  been  neglected.  In  other  words,  the  induced 
e.m.f.,  0  £,  has  been  assumed  to  be  equal  to  the  impressed  e.m.f . 
and  constant.  The  advantage  gained  by  constructing  the  dia- 
gram on  this  basis  is  that  it  gives  the  diameters  of  the  semi- 
circles, F  0  and  M  H,  as  well  as  the  lines  O  My  M  V  and  F  P,sl 
constant  length.  The  fact  that  these  lines  are  of  constant  length, 
so  that  the  points  ilf ,  H,  etc.  are  fixed,  renders  possible  the  use 
of  a  number  of  processes,  among  them  the  rev.  per  min.  formulas, 
developed  above,  which  would  otherwise  be  incorrect. 

No  error  or  inconvenience  results  from  this  method  of  con- 
struction, since  the  effect  of  primary  resistance  can  be  taken 


Z.  CONSTANTS 


Fig.  12 — Working  Diagram. 


k 


account  of,  with  all  necessary  precision,  in  a  very  simple  manner, 
as  has  been  shown  by  De  Latour  and  other  writers. 

We  extend  the  primary  current  vector  0  T,  Fig.  12,  to  Z, 
making  0  Z  of  such  a  length  as  to  represent  the  resistance  drop 
due  to  the  current  represented  by  O  T.  The  vector  sum  Z  E 
represents  the  impressed  e.m.f.  which  would  be  required  in  order 
to  make  the  induced  e.m.f.  equal  to  O  £,  and  therefore 

O  E   _      induced  e.m.f. 
Z  E         impressed   e.m.f. 

Correct  current  values  are  obtained  from  the  diagram  by 
multiplying  each  current  vector  by  the  corresponding  value  of 

OE/ZE 

0  E 
primary  current    =  0  T  Si  X  ^y-p 
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and 

0  E 
secondary  current  =  M  TS2X    ^  p 

Also,  in  determining  the  secondary  input,  the  fact  shotdd  be 
borne  in  mind  that  the  e.m.f .  impressed  on  the  secondary  is  equal 
to  the  e.m.f.  induced  in  the  primary,  multiplied  by  Kp,  that  is, 


OE 
ZE 


E  X  -TT^  X  Kp 


and  therefore 


5  0  E  O  E 

secondary  input  ==  T  R  -^  X  ^  ^   X  £  X    ^  p    X  Kp 


'  ^  (  Z  £  / 


=  TRSi  XE 

The  value  of  0  E/Z  E  must,  of  course,  be  separately  deter- 
mined for  each  value  of  the  current  vector  0  T, 

VIII.  Working  Diagram 

Fig.  12  shows  a  practical  working  diagram,  based  on  the 
analysis  of  flux,  e.m.f.  and  current  relations  represented  in  Fig. 
10.  If  the  greatest  possible  degree  of  accuracy  be. desired,  the 
following  data,  in  addition  to  the  line  voltage  £,  are  required  for 
its  construction. 

1 .  Main  field  magnetizing  current im 

2 .  Primary  leakage  coefficient Kp 

3 .  Secondary  leakage  coefficient K, 

4 .  Reactance  (total  reduced  to  primary) Xi 

5 .  Reactance  (total  reduced  to  secondary) Xt 

G .  Primary  resistance fi 

7 .  Secondary  resistance  (reduced  to  primary) r j 

8 .  Iron  loss  due  to  main  field P,„, 

9 .  Iron  loss  due  to  cross  field Pic 

10 .  Friction  and  windage  loss Pf 

In  practical  work,  however,  it  is  not  necessary  to  distinguish 
between  the  values  of  Xp  and  K,.    The  product 


KpK.  =  I  - 


E 
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and  sufficient  accuracy  will  be  obtained  by  assuming  that  either 
Kp  or  Kt  is  equal  to 


\/i- 


E 


If  Kp  and  K,  are  equal,  it  follows  from  the  formulas  previously 
developed  that  Xi  is  equal  to  X2,  Only  one  calculation,  therefore, 
is  required  for  reactance.  Also,  it  is  not  usually  necessar>'  to 
calculate  separately  the  iron  loss  due  to  the  main  and  cross  fields. 
It  will  be  sufficiently  accurate  to  make  the  calculation  of  the 
total  iron  loss  just  as  in  the  case  of  the  two-phase  motor  and 
assign  one-half  to  the  main  field  and  the  same,  or  a  slightly 
smaller  value,  to  the  cross  field. 

The  quantities,  therefore,  which  it  is  necessary  to  determine  by 
previous  calculation  are 

1 .  Main  field  magnetizing  current /m 

2 .  Reactance  (total) X 

3 .  Primary  resistance fi 

4 .  Secondary  resistance rz 

5 .  Iron  loss  (total) Pi 

6 .  Friction  and  windage  loss Pf 

Let 

'5i  =  primary  amperes  i)er  inch 

S2  -    -W-  =  secondary  amperes  per  inch 
Kp 

5,  =  volts  per  inch,  for  the  impressed  e.m.f.  (O  E), 
and    resistance    drop  (O  Z). 

In  reconstructing  the  diagram, 

• 

OM  =  -"- 
MV  =  ^ 

0  0'=  ^-^-^^ 

£X5. 
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After  the  above  lines  have  been  drawn  the  larger  semicircle 
should  be  constructed  on  M  H  sls  a,  diameter.  The  locked  point 
L  may  then  be  located  by  making 

LH 


LH  =  MH 


MH 


the  factor  L  H/M  H  being  obtained  from  the  curve  Fig.  13. 
When  the  location  of  L  has  been  determined,  the  smaller  circle 
may  be  drawn  through  F,  L  and  H. 

The  next  step  is  to  select  a  point  T  for  calculation  and  draw 
the  line  0  Z  of  a  length  equal  to 

OTSifi 


l_^__\_  .4 L 


.1      .2      .3      A       .'>      .« 


.«      .«      1.0     LI 


Fig.  13 — Curve  for  Locating  Locked  Point  (L) 

L  H/M  //  is  the  sine  of  the  angle  of  which  rt/X  is  the  tangent. 

In  calculating  the  performance  for  various  values  of  the  pri- 
mary current,  it  will  be  convenient  to  use  a  data  sheet  similar  to 
the  one  shown  herewith.  The  measurements  taken  from  the 
diagram  are  the  lengths  of  the  lines  O  T,  M  T,  N  M,  N  T,  T  H, 
and  T R,  which  constitute  the  first  six  items  on  the  datasheet, 
and  the  length  Z  E  from  which  (O  E  being  previously  known) 
the  ratio  of  primar}*^  induced  c.m.f.  to  impressed  e.m.f.  may  be 
obtained.  This  constitutes  item  No.  7  of  the  data  sheet.  When 
these  values  for  a  s  lected  load  point  have  been  recorded,  the 
calculation  may  be  completed  without  further  reference  to  the 
diagram.  The  various  formtdas  required  are  given  on  the  data 
sheet. 

The  motor  input  is  equal  to  the  sum  of  the  primary  copper 
loss,  the  main  field  iron  loss  and  the  secondary  input. 
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The  losses  fall  into  two  classes: 

1.  Losses  supplied  directly  by  the  primary. 

2 .  Losses  supplied  from  the  secondary  input. 
The  losses  supplied  directly  by  the  primary  are 

1 .  Primary  copper  loss. 

2 .  Main  field  iron  loss. 
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The  losses  supplied  from  the  secondary  input  are 

1 .  Secondary  copper  loss  in  circuit  A . 

2.  Secondary  copper  loss  in  circuit  B. 
•3.  Iron  loss  due  to  the  cross  field. 

4.  Friction  and  windage  loss. 
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At  synchronoxis  speed  the  secondary  copper  loss  in  circuit 
A  is  equal  to 


{MVX  5j)' 


/0E\ 


At  lower  speeds  the  value  becomes 

\Z  E  syn.  / 

The  derivation  of  the  other  formulas  on  the  data  sheet  will 
be  evident. 

The  maximum  torque  is  obtained  when  the  end  of  the  current 
vector  is  slightly  beyond  the  center  of  the  arc  V  L.  The  effective 
maximum  torque,  as  determined  by  a  brake  test,  is  usually 
about  92  per  cent  of  the  calculated  value. 

IX.  Starting    Torque — Single-Phase    Induction    Motor 

WITH  Auxiliary  Starting  Winding 

Neglecting  the  effect  of  friction,  the  starting  torque  of  a  two- 
phase  induction  motor  in  ounces  at  one-foot  radius  is  equal  to 

225^.4  XJ^  6 

syn. 

in  which  P^  is  the  secondary  input  from  one  phase. 

The  starting  conditions  of  a  single-phase  induction  motor 
equipped  with  an  auxiliary  starting  winding  differ  from  those  of 
a  two-phase  induction  motor  in  two  respects. 

1 .  The  secondary  flux  0,  due  to  the  starting  winding  is  not 
necessarily  equal  to  the  secondary  flux  0  6  due  to  the  main  wind- 
ing. Other  conditions  remaining  the  same,  the  starting  torque 
will  vary  with  0,/06. 

2.  The  phase  angle  0  between  0,  and  06  is  less  than  90  deg. 
Other  conditions  remaining  the  same,  the  starting  torque  will 
vary  as  the  sine  of  0. 

Therefore  the  expression  for  starting  torque  of  a  single-phase 
induction  motor  is 

225^4  X  Pm  X  0.  X  sin  I? 
syn.  X  06 
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Fig.  14  represents  the  secondary  flux  and  the  currents  and 
induced  and  impressed  e.m.fs.  of  the  main  winding,  and,  to  a 
different  scale,  the  same  quantities  of  the  starting  winding. 

If  Si  =  amperes  per  inch  for  main  winding, 
then  Si  X  X^jX^  =  amperes  per  inch  for  the  starting  winding., 
since  the  same  line  0  H  represents  E/X^  and  E/X,, 

The  two  secondary  fluxes  ^,  and  ^6  are  represented  by  the 
same  line  0  B,  while  the  e.m.f .  impressed  on  the  main  winding 
is  represented  by  0  Zl  ,  and  the  e.m.f.  impressed  on  the  starting 
winding  by  0Z».  Actually,  of  course,  the  impressed  e.m.f. 
is  identical  in  the  two  cases,  both  in  amount  and  in  phase,  and 
there  is  a  phase  displacement  equal  to  d  between  <^«  and  <^6. 

When  the  working  diagram.  Fig.  12,  has  been  constructed  for 


Fig.  14 


the  determination  of  running  pefrformance,  it  is  only  necessary 
to  add  the  lines  0  Zl  and  O  Z,*  to  obtain  the  vahies  which  enter 
into    the    starting    torque    formula. 
As  was  shown  previously. 


<^6  oc  Li/52  Vx^x(^-^yJ 


*E  Zs  is  parallel  to  0  L  and  equal  to 

0  L  X  Si  X  ru  X  X 


m 


E  Zi.^ 


5,  X  Xs 
OLX^SiXri 

s/ 
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Therefore 


0,  QC  L  H  S2 


m 


Xs 


'  ^ (0  z. ) 


Also, 
and 


9  =  the  angle  Zi.  0  Z, 


Pn,=   LRlXSxX 


ai ) 


E 


Substituting  these  expressions  in  the  starting  torque  formula 
given  above,  we  obtain 


starting  torque  =  225.4  X 


LRiXSiXE 

syn. 


X 


0Z.V0Z.  x^l7^-'"^t 


The  effective  starting  torque  is  usually  about  92  per  cent  of 
the  calculated  value. 

X.  Comparison  of  Calculated  and  Test  Results 

The  results  tabulated  below  were  obtained  in  the  course  of 
regular  commercial  work  on  motors  built  to  meet  special  require- 
ments. The  reactances  and  magnetizing  currents  were  calcu- 
lated by  C.  A.  Adams's  fonnulas  and  the  secondary  resistances 
by  DeLatour's  formula. 


Efficiency 


H.p. 


Power  factor 


Test   ,  Calc.  I   Test   |  Calc. 


1 

1 

73.5 

73.3 

71 

68.8 

2 

1    1/2 

06.2 

06.5 

67.1 

66.8 

3 

'    1/2 

70.4 

71        ' 

72.6 

71.5 

4 

1/3 

.')9 . 5 

60.2 

66.7 

07 . 5 

5 

1/12 

51 

48.0 

02.0 

64.2 

« 

1    1/4 

01.0 

59.0 

01.5 

65.6 

7 

'    10 

56  5 

57.7 

72 . 5 

75. 5 

8 

!  i/<' 

52 

51.8 

r>o .  3 

65.7 

9 

1    1/10 

()3  5 

65.6 

10 

'    13 

04.0 

,   05.8 

08 . 3 

67 

11 

i    !/-» 

01.5 

01 . 7 

69 

07.2 

12 

i    1/12 

'   49 

1  46.8 

1  58.2 

62 

Max.  torque* 


Test 


Calc. 


144 
70 

40.5 
44.5 
8.1 
35 

17.25 
22.4 
16.6 
36.5 
26 
13.25 


141 
70 
51 
44 
7 
34 
17. 
22. 
16 
35. 
25.4 
11.6 


.5 
.9 

.2 

.7 

4 

3 


Starting  torque* 

Test              Calc. 

not  av 

ailable 

21 

21.3 

not  av 

ailable 

M 

• 

• 

• 

23 

23.2 

16.25 

16.6 

14 

16.3 

12.25 

12.6 

22.2 

22.5 

19 

18.3 

9 

9.6 

*Calculated  values  of  maximum  and  starting  torques,  as  given  in  the  table,  are  the 
values  obtained  by  the  formulas  multiplied  by  0.92. 


fin  ounces  at  one-foot  radius. 
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The  larpjer  discrepancies  between  test  and  calculated  values  are 
due  to  errors  in  the  calculation  of  the  constants  rather  than  to 
the  diagram.  As  an  illustration  of  this  fact,  the  running 
performance  of  the  1/12-h.p.  motor,  which  appears  as  the  last 
item  in  the  abovd  list,  was  re-figured  from  test  constants,  with 
the  results  which  follow: 


Horse  power 

i 

Effic 

lency 

power 

factor 

Test 

Calc. 

Test 

Calc. 

1/12 

4U 

48.7 

oS.2 

59  :> 

1325 


13. » 


E      = 

Eta 

E 

J-^ra 
Etb 
Erh 

9 

% 

im 

ih 

1*2 
*2A 

ia 
ib 
Pt 
Pm 

r\ 

u 
Xt 

X 

X, 

x^ 


Appendix  I — Notation 

=  impressed  voltage. 

=  transformer  e.m.f .  in  circuit  A . 

=  rotational  e.m.f.  in  circuit  A. 

=  transformer  e.m.f.  in  circuit  B 

=  rotational  e.m.f.  in  circuit  5. 

=  primary  current. 

=  magnetizing  current  for  main  field. 

=  secondary  no-load  current  as  reflected  in  primary. 

=  primary  current  with  rotor  at  rest,  assuming  ri  and  r^ 
=  0. 

=  secondary  current. 

=  secondary  current  with  rotor  at  rest,  assuming  r\  and  ri 
=  0. 

=  cross-field  magnetizing  current  in  circuit  A, 

=  secondarv  no-load  current  in  circuit  B, 

=  secondary  input  from  phase  B. 

=  secondary  input  from  main  winding. 

=  primary  resistance  (main  winding). 

=  primary  resistance  (starting  winding). 

=  secondary  resistance  reduced  to  primary. 

=  reactance  (total  reduced  to  primary). 

=  reactance  (total  reduced  to  secondary,  but  assuming  a 
1  to  1  ratio). 

=  reactance  (total,  either  Xi  or  X%,  assuming  Xi^X^)- 

=  reactance  with  secondary  open-circuited. 

=  reactance  of  the  main  winding  (total  reduced  to  pri- 
mary). 


K.     = 
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X,     =  reactance  of  the  starting  winding  (total  reduced  to 

primary) . 
0a      =  flux  of  phase  A,  or  the  cross  flux  of  a  single-phase 

motor  (effective  or  resultant  value  in  the  rotor), 
(t>b     =  flux  of  phase  B,  or  the  main  flux  of  a   single-phase 

motor  (effective  or  resultant  value  in  the  rotor). 

0.  =  flux  of  starting  winding  (effectiv^e  or  resultant  value 

in  the  rotor). 

-r        _  permeance  of  the  mutual  path. 

permeance  of  mutual  and  primary  leakage  paths  in  parallel. 

permeance  of  the  mutual  path, 
permeance  of  mutual  and  secondary  leakage  paths  in  parallel. 

M  =  coefficient  of  mutual  induction. 

Li  =  coefficient  of  self  induction  of  the  primary. 

L2  =  coefficient  of  self  induction  of  the  secondary. 

P  =  2t  X  frequency. 

5i  =  primary  current  scale  (amperes  per  inch). 

S%  =  secondary  current  scale  (amperes  per  inch). 

Se  =  e.m.f.  scale  (volts  per  inch). 

Appendix  II — Plus  .\nd  Minus  Si(;ns 

All  diagrams   in   this   paper  are   constructed   in   accordance 
with  the  following  conventions: 

A  flux  entering  the  rotor  from  the  top  or  left  is  assumed  to  be 
positive. 

A  current  which  tends  to  produce  a  positive  flux  is  assumed  to 
be  positive. 

A  voltage  which  tends  to  produce  a  positive 
current  is  assumed  to  be  positive. 

From  these  conventions  it  follows  that : 

1 .  Ohmic  droi)s  are  of  opposite  sign  to  the 
airrents  producing*  them. 

2 .  All  voltage  triangles  of  which  two  sides 
are  op]josing  induced   e.m.fs.   and  the  third 

side  a  resistance  drop  or  an  impressed  voltage,  must  close  with- 
out two  arrows  pointing  toward  any  one  angle. 

3 .  When  0a  is  positive,  £  r  6  is  positive,  but  when  0  6  is  positive, 
Era  is  negative,  for  rotation  as  per  sketch. 


A  paper  prtsttUed  at  the  29th  Annual  Con- 
vention of  tka American  Institute  of  Electrical 
Engineers,  Boston,  Mass,,  June  28,  1012. 
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MOTOR   STARTING   CURRENTS  AS'  AFFECTING 
LARGE   TRANSMISSION   SYSTEMS 


BY   P.   M.   LINCOLN 


From  time  to  time  those  responsible  for  the  operation  of 
electrical  systems  have  displayed  a  disposition  to  place  a  definite 
limit  upon  the  size  of  motors  which  they  will  allow  upon  their 
circuits.  Th's  tendency  seems  to  be  more  pronounced  in  alter- 
nating-current than  in  direct-current  systems,  but  is  observable 
in  both.  Moreover,  in  alternating-current  systems  the  tendency 
is  not  confined  to  central  stations  for  city  supply,  but  is  spread- 
ing to  the  larger  transmission  systems  that  deal  in  wholesale 
power. 

So  far  as  the  writer  has  been  able  to  analyze,  the  reasoning 
that  has  led  to  these  restrictions  is  about  as  follows: 

1.  A  desire  to  avoid  tying  up  too  much  load  to  a  single  piece 
of  apparatus,  thereby  endangering  a  comparatively  large  in- 
come by  the  loss  of  a  single  motor. 

2.  A  fear  that  the  starting  currents  and  the  fluctuations  in 
the  operating  currents  of  relatively  large  motors  will  cause 
fluctuations  in  voltage. 

3.  A  fear,  more  or  less  undefined,  that  the  cumulative  effect 
of  starting  many  large  motors  at  nearly  the  same  hour  will 
cause  so  large  a  draft  of  current  as  to  be  beyond  the  ability  of 
the  generating  plant  to  take  care  of  it. 

It  may  be  of  interest  to  analyze  further  these  reasons  and  see 
just  how  much  bearing  they  may  have  upon  a  typical  large 
transmission  system  which  presumably  deals  in  wholesale  power 
only. 

The  writer  recognizes  the  first  of  the  above  reasons  as  an 
entirely  legitimate  one.    It  is,  no  doubt,  desirable  to  keep  the 
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power  supply  as  much  subdivided  as  possible,  thereby  avoiding 
the  danger  of  a  relatively  large  lof  s  of  revenue  by  crippling  of  a 
single  motor.  Its  application,  however,  is  wholly  commercial 
in  its  nature.  There  are  many  cases  where  these  same  commer- 
cial considerations  may  make  it  desirable  to  advocate  rather 
than  deprecate  the  use  of  large  motors,  since  on  no  other  basis 
can  some  kinds  of  business  be  secured.  Take  for  example  an 
existing  cotton  mill  or  other  industry  that  is  already  equipped 
with  an  engine  connected  to  its  load  by  shafting  and  belts. 
The  most  natural  way  of  applying  electric  drive  to  such  a 
case  is  simply  to  substitute  one  large  motor  in  place  of  the 
engine.  Commercial  considerations  will  often  demand  that  a 
given  load  be  taken  in  this  manner  or  not  at  all.  This  case  is 
cited  merely  to  indicate  that  commercial  considerations  are  not, 
and  of  necessity  cannot  be,  controlling  in  fixing  the  size  of  motors 
or  in  any  ruling  which  looks  toward  the  limitation  of  the  size 
of  motors  which  might  be  permitted  on  a  given  system.  The 
size  of  the  motor  is  sim])ly  a  matter  of  expediency.  If  the  advan- 
tages of  subdivision  can  be  obtained  along  with  electric  drive 
well  and  good,  but  if  circumstances  forbid  these  advantages,  also 
well  and  good.  The  decision  as  dictated  by  commercial  consid- 
erations will  be  to  take  the  business  however  it  can  be  obtained, 
entirely  independent  of  the  size  of  the  motor  that  may  thereby 
be  placed  on  the  system. 

The  second  reason  mentioned  above,  namely,  the  desire  of 
avoiding  voltage  fluctuations,  is  also  one  that  must  be  recognized 
as  having  a  logical  basis.  However,  this  reason  is  one  which 
appeals  with  much  more  force  to  the  typical  city  supply  system, 
whose  main  func  ion  is  the  supply  of  lighting,  than  to  the  large 
transmission  system  for  the  supply  of  wholesale  power.  In  any 
event  the  logic  of  any  ruling  having  this  object  in  view  demands 
not  simply  a  limitation  in  the  size  of  the  motor  but  a  considera- 
tion as  well  of  other  conditions  that  surround  the  installation 
of  this  motor.  The  ]^oint  involved  is  simply  the  question  of  the 
voltage  fluctuation  which  will  be  caused  when  a  given  motor  is 
started  or  stopped  or  when  its  load  fluctuates.  The  voltage 
fluctuation  depends  not  only  upon  the  .size  of  the  motor,  but  also, 
among  other  things,  upon  the  size  and  regulation  of  the  trans- 
formers supplying  the  motor  and  uj)on  the  size,  voltage  and 
length  of  the  transmission  line  connecting  it  with  the  source  of 
power.  A  logical  restriction  which  has  for  its  object  the  elimina- 
tion of  voltage  fluctuation,  should  depend  even  more  upon  these 
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other  features  than  upon  the  size  of  the  motor.  A  five-h.p. 
motor,  for  instance,  supplied  along  with  some  lighting  customers, 
by  a  three-kw.  transformer  at  the  end  of  a  comparatively  long 
and  low-voltage  transmission  might  be  more  of  a  menace  to 
lighting  in  its  neighborhood  than  a  100-h.p.  motor  close  to  the 
power  station  and  supplied  by  large-capacity,  high-voltage 
transmission  lines  and  good  regulating  transformers. 

Any  restriction  which  has  as  its  basis  the  elimination  of  volt- 
age fluctuation  is,  as  indicated  above,  much  more  applicable 
to  a  central  city  supply  station  than  to  a  large  transmission 
system  dealing  in  wholesale  power.  It  is  highly  important  for 
the  dty  supply  station  to  maintain  voltage  as  steady  as  possible, 
since  a  large  part  of  its  revenue  is  derived  from  the  supply  of 
lights.  With  the  transmission  system  supplying  wholesale  power, 
however,  the  conditions  arc  far  different,  the  revenue  from 
lighting  being  a  very  small  proportion  of  its  total  revenue.  The 
responsibility  for  voltage  fluctuations  at  customer's  premises  is, 
therefore,  by  no  means  as  heavy  as  it  is  with  the  city  supply 
system. 

In  general  there  arc  two  effects  that  must  be  borne  in  mind 
when  considering  the  question  of  voltage  fluctuations  that  may 
be  caused  by  the  presence  of  motors,  and  these  two  considerations 
hold  whether  the  primary  object  of  the  circuit  in  question  is  the 
supply  of  lighting  or  the  supply  of  wholesale  power.  These  two 
effects  arc:  first,  the  transient  fluctuation  of  voltage  due  to 
starting  current  or  to  a  change  in  running  current,  and  second, 
the  permanent  voltage  which  is  due  to  the  permanent  assump- 
tion or  rejection  of  load  by  these  motors.  In  dealing  with  the 
wholesale  supply  lines  much  of  the  first -mentioned  variety  of 
voltage  fluctuation  may  be  forgiven ,  since  it  is  confined  to  a  few 
relatively  short  and  predetermined  periods  of  the  day,  namely, 
the  regular  morning,  noon  and  evem'ng  starting  and  quitting 
hours  of  the  mills  and  factories  that  are  supplied  with  power. 
This  is  particularly  true  since  the  customers  who  make  use  of 
wholesale  power  supplies  directly  for  lighting,  invariably  recog- 
nize that  they  are  applying  it  to  a  use  not  primarily  intended 
and  are  willing  to  make  allowances  therefore.  It  is  sometimes 
necessary  to  take  some  special  mjans  to  care  for  the  permanent 
voltage  change  where  the  power  circuits  are  used  directly  for 
lighting,  since  the  difference  in  voltage  between  loaded  and 
unloaded  line  may  reach  such  a  value  as  to  be  destructive  to  the 
lamps.     However,  where  the  typical  individual  mill  draws  a 
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starting  current  from  the  line  that  is  less  than  the  running  cur- 
rent (as  will  be  shown  later  in  this  discussion),  it  is  evident  that 
the  question  of  motor  starting  current  and  transient  voltage 
fluctuation  caused  thereby  is  of  secondary  importance. 

The  third  cause  for  contemplating  the  limitation  of  the  size 
of  motors  mentioned  in  the  opening  paragraph,  namely,  the  fear 
that  the  draft  of  starting  current  of  many  motors  starting  about 
the  same  time  may  be  beyond  the  capacity  of  the  power  plant, 
is  the  question  whose  investigation  has  led  to  the  preparation 
of  this  paper.  The  conditions  which  led  up  to  this  investiga- 
tion are,  briefly,  as  follows: 

A  certain  large  transmission  system  operating  in  the  south 
at  one  time  in  the  course  of  its  growth  experienced  considerable 
difficulty  in  picking  up  its  load  at  the  time  of  the  usual  morning 
start  of  the  mills.  In  this  case,  as  is  usual  with  southern  trans- 
mission systems,  most  of  the  load  consisted  of  cotton  mills, 
which  started  up  nearly  the  same  hour  of  the  morning  all  over 
the  system.  From  certain  effects  noted  it  seemed  that  the  start- 
ing currents  taken  by  the  motors  at  these  periods  were  the  cause 
of  the  failure  to  pick  up  the  load  and  it  was  largely  this  consider- 
ation that  led  this  particular  system  to  consider  a  restriction 
in  the  size  of  the  motors  which  might  be  allowed  upon  its  circuits. 
This  attitude  led  in  turn  to  taking  up  for  systematic  investiga- 
tion the  general  question  of  starting  conditions  which  might 
actually  be  found  in  the  mills  that  were  taking  power  from  this 
company's  lines.  An  investigation  of  this  character  was,  there- 
fore, undertaken. 

The  method  of  making  this  investigation  was  extremely  simple. 
Graphic  recording  meters  were  placed  in  the  supply  circuits  of 
the  mill  under  test.  Meters  showing  the  draft  of  both  current 
and  kilowatts  were  used  in  each  case,  so  that  both  the  kilovolt- 
ampercs  and  the  kilowatts  of  the  mill  could  be  secured.  The 
effect  during  starting  periods  of  the  mill  could  thereby  be  readily 
observed  and  record  thereof  made.  Nine  typical  mills  were 
selected  and  tests  of  this  character  made  upon  each  of  them. 
A  number  of  starts,  both  morning  and  noon,  were  made,  in  order 
to  avoid  the  possibility  of  observing  some  condition  which  was 
not  entirely  typical. 

A  summary  of  the  results  which  were  obtained  upon  these  nine 
mills  by  these  tests  is  contained  in  the  following  table. 

In  addition  to  this  summary,  some  of  the  more  representative 
records  made  by  the  graphic  meters  are  reproduced  herewith. 
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Total 

1 
1 

capacity 

Mill 

Number 

of  motors 

Type  of  1 

No. 

of  motors 

in  h.p. 

motors 

1 

1 
Wound 

1 

37 

081 

secondary ' 
Wound 

2 

2r>7 

2440 

secondary 
Squirrel 

3 

31 

1284 

cage       1 
Squirrel 

4 

37 

3055 

cage      1 
Squirrel 

o 

24 

457 

cage 
Wound 

6 

24 

2626 

secondary 
Squirrel   ; 

7 

2 

150 

cage 
Wound 

» 

12 

1125 

secondary 
Squirrel 

9 

3 

300 

cage 

1 

Capacity 

of  largest 

motor  in 

h.p. 


100 
125 
150 
150 

35 
175 

75 
175 
200 


Percentage      Excess  of  demand 
of  total  in  starting  period 

capacity  in     over  running  period 

I      largest       , — 

I      motors         In  kv-a.  <  In  kw. 


10.2 

5.0 

11  7 

4.0 

7.7 

6.7 

50.0 

15.5 

66.7 


None 


None 


None 


None 


25% 


None 


50% 


None 


None 


None 


None      '      None 
None  None 


None 


25% 


None 


None 


It  was  recognized  that  in  obtaining  records  of  the  starting 
conditions  there  was  a  possibility  of  error  owing  to  the  time  lag 
of  the  graphic  meters  behind  the  actual  current  and  kilowatt 
conditions  which  produced  the  meter  indications.  This  matter 
was  given  careful  attention  in  the  taking  of  these  particular 
records.  The  speed  of  the  pen  was  adjustable  in  the  graphic 
meters  used,  and  this  speed  w^as  so  fixed  that  on  the  one  hand  the 
pen  did  not  move  so  fast  as  to  overshoot  the  amperes  per  kilo- 
watt it  was  endeavoring  to  follow  and  on  the  other  hand  it  had 
sufficient  speed  so  as  not  to  have  too  great  a  discrepancy  between 
actual  amperes  or  kilowatts  and  the  position  of  the  pen  at  the 
same  time.  The  range  of  adjustment  was  such  as  to  allow 
a  speed  of  pen  which  would  travel  over  the  entire  range  in  less 
than  five  seconds.  Since  the  process  of  starting  a  large  motor 
is  one  which  always  requires  a  period  several  times  as  long  as 
this,  and  further  since  the  travel  of  the  pen  is  never  but  a  fraction 
of  the  entire  scales  we  may  rest  assured  that  the  graphic  meter 
indications  which  are  shown  here  give  a  reasonably  accurate 
indication  of  the  starting  conditions  which  we  are  observing. 

Figs.  1  A  and  1  b  show,  for  instance,  the  starting  conditions 
in  a  cotton  mill,  equipped  with  total  of  1284  h.p.  in  motors. 
This  is  the  mill  given  as  No.  3  in  the  foregoing  summary.  In 
this  mill  there  are  two  motors  of  150  h.p.  each  and  three   of  100 
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h.p.  each.  All  motors  in  this  particular  mill  are  of  the  squirrel 
cage  type.  An  inspection  of  the  records  reproduced  in  Figs. 
1  A  and  1  B  shows  at  once  that  the  maximum  demand   during 
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the  starting  period  as  compared  to  the  demand  during  the 
running  period  is  less  than  70  per  cent  in  kilovolt-amperes  and 
about  50  per  cent  in  kilowatts. 
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Figs.  2  A  and  2  b  show  the  conditions  in  another  mill,  No. 
8  in  the  summary.  Here  the  maximum  demand  during  starting 
period  is  about  70  per  cent  of  the  running  kilovolt-amperes  and 


1912] 


LINCOLN:  MOTOR-STARTING    CURRENTS 


1795 


about  62  per  cent  of  the  running  kilowatts.  The  motors  in  this 
case  are  of  the  wound-rotor  type  instead  of  squirrel  cage  as  in 
the  preceding  case.  The  result  of  this  difference  in  type  of 
motor  is  shown  in  the  fact  that  the  kilovolt-amperes  and  kilo- 
watts during  the  starting  period  come  nearer  together  than  is 
the  case  with  the  squirrel -cage  motor.     On  the  other  hand  a  com- 
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parison  of  the  charts  indicates  that  the  kilowatts  of  the  wound- 
rotor  motor  taken  during  the  starting  period  are  higher  than  for 
the  squirrel-cage  type.  It  is,  of  course,  possible  to  obtain  much 
more  rapid  acceleration  with  the  wound-rotor  type  than  with  the 
squirrel-cage  type,  and  this  power  placed  in  the  hands  of  a  mill 
operator  who  is  in  a  hurry  to  get  started  in  the  morning  may 
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lead  to  drafts  of  current  during  the  starting  period  that  are 
considerably  greater  with  the  wound-rotor  type  than  with  the 
squirrel -cage  type.  This  is  a  fact  which  does  not  seem  to  have 
been  properly  appreciated  by  those  who  are  using  motors  for 
mill  purposes. 

Figs.  3  A  and  3  b  illustrate    mill    No.  6    in    the    foregoing 
summary.     The  capacity  of  the  largest  motor  in  this  mill  is 
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the  same  as  in  No.  8  just  described,  but  the  total  capacity  of  all 
motors  is  more  than  double  that  in  mill  No.  8.  Although  the 
actual  kilovolt-amperes  and  kilowatts  taken  for  starting  a 
single  motor  are  about  the  same  they  become  a  smaller  propor- 
tion of  the  running  conditions. 
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Figs.  4  A  and  4  b  show  by  far  the  most  severe  condition  of 
any  that  was  found  in  these  tests.  This  mill  is  No.  9  in  the 
siunmary,  and  is  provided  with  only  two  motors,  one  a  200-h.p. 
and  the  other  100-h.p.,  both  of  the  squirrel-cage  type.  In  this 
case,  therefore,  the  largest  motor  amounts  to  two-thirds  the 
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total  motor  capacity.  However,  even  in  this  most  severe  case 
the  kilovolt-amperes  during  the  starting  period  exceed  the  run- 
ning kilovolt-amperes  by  only  50  per  cent  and  the  kilowatts  dur- 
ing the  starting  period  does  not  exceed  the  running  kilowatts  at 
all.  If  this  mill  had  had  a  total  of  500  h.p.  instead  of  only 
300  h.p.,  the  starting  kilovolt-amperes  would  not  have  exceeded 
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the  running  kilovolt-amperes.  We  might  note  that  if  this  mill  had 
been  increased  to  a  total  of  500  h.p.,  its  total  capacity  would 
have  been  only  about  20  per  cent  of  mill  No.  4  and  only  about  25 
per  cent  of  mills  No.  2  and  No.  6.  The  foregoing  records  are 
typical  of  those  for  all  of  the  other  mills  taken.     On  account 
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of  this  similarity  no  further  records  are  here  reproduced.  There 
are  some  conclusions  which  may  readily  be  drawn  from  an  inspec- 
tion of  these  records  and  the  foregoing  summary  of  the  nine  mills 
that  were  observed. 

In  the  first  place  it  is  evident  that  so  long^as  the  largest  motor 
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in  a  mill  is  less  than  a  certain  percentage  of  the  total  capacity 
in  motors,  the  power  demanded  for  starting  purposes  will  always 
be  less  than  for  running  purposes  and  this  will  be  true  no  matter 
whether  the  demand  be  measured  in  kilovolt-amperes  or  in  kilo- 
watts. The  evidence  of  the  foregoing  records  indicates  that  the 
largest  motor  may  be  at  least  25  per  cent  of  the  total  capacity 
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in  a  given  mill  and  still  this  relation  will  hold.  Possibly  the 
largest  motor  may  be  even  higher  than  this  percentage  of  the 
total,  but  25  per  cent  is  certainly  a  safe  figure,  judging  by  the 
actual  records  taken. 

It  is  further  evident  that  so  long  as  the  current  during  the 
starting  period  is  less  than  during  the  running  period  the  draft 
of  starting  current  cannot  be  a  menace  so  far  as  ability  to  pick  up 
load  is  concerned.  A  power  plant  that  can  pick  up  and  carry 
the  running  current  can  also  pick  up  and  carry  the  starting 
current,  provided  this  starting  current  is  less  than  the  running 
current.  What  is  true  of  one  mill  is,  of  course,  still  more  true 
when  many  of  these  mills  are  carried  upon  a  given  transmission 
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system.  The  foregoing  summary  shows  three  mills  that  have 
total  capacity  of  more  than  2000  h.p.,  one  of  them  exceeding  3000 
h.p.  Twenty-five  per  cent  of  the  total  capacity  of  any  one  of 
these  mills  will  mean  a  single  motor  having  a  capacity  of  500 
to  750  h.p.  Therefore,  in  any  one  of  these  mills  a  motor  of  500 
h.p.  could  have  been  started  and  still  the  draft  of  current  during 
running  conditions  would  have  been  more  than  that  during 
starting  conditions.  If  the  starting  of  a  500-h.p.  motor  can  be 
accomplished  in  one  mill  without  exceeding  a  safe  limit,  there 
is  no  reason  why  the  same,  thing  cannot  be  done  in  another 
independent  of  the  total  capacity.  In  other  words,  so  far  as 
picking  up  the  load  is  concerned,  this  particular  system  can 
certainly  take  care  of  single  motors  as  large  at  least  as  500  h.p. 
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The  writer  does  not  mean  to  say  that  he  advocates  motors  of 
so  large  a  size  as  this,  since  he  believes  that  they  are  objection- 
able for  other  reasons,  but  so  far  as  the  ability  to  pick  up  the 
load  is  concerned  there  seems  to  be  no  doubt  that  motors  of  this 
size  are  entirely  feasible.  In  fact,  if  necessary,  the  writer  sees 
no  reason  why  from  this  standpoint  the  size  of  the  maximum 
motor  cannot  be  increased  considerably  if  such  a  step  were  ever 
found  necessary. 

While  the  foregoing  records  were  being  taken  on  individual 
mills  there  were  also  similar  instruments  recording  the  output 
of  one  of  the  high-tension  lines  feeding  this  system.  Fig.  5  is 
a  typical  record  of  one  of  these  transmission  lines  at  the  power 
plant.  This  record  was  taken  during  a  typical  morning  start. 
The  shape  and  character  of  this  record  does  not  indicate  any 
possibility  of  distress  on  account  of  current  draft  during  starting 
period. 

A  further  consideration  of  these  graphic  records  indicates  almost 
to  a  certainty  that  it  was  not  the  motor  starting  ciurents  that 
caused  the  failure  to  pick  up  load,  but  the  high  rate  at  which  incre- 
ments of  real  kilowatt-load  are  assumed  by  the  power  during  the 
starting  period.  The  source  of  power  in  this  case  was  water 
power,  and  it  is  well  known  that  waterpower  plants  are  by 
nature  much  more  sluggish  in  their  ability  to  assume  incre- 
ments of  real  load  than  are  steam  plants.  It  seems  very 
probable,  therefore,  that  the  cause  of  the  inability  to  pick  up 
load  was  due  to  the  high  rate  of  real  kilowatt  assumption, 
coupled,  probably,  with  an  unusually  sluggish  adjustment  of 
governors. 

This  probability  seems  all  the  more  certain  when  we  consider 
the  method  of  starting  up  cotton  mills.  The  method  used  in 
such  mills  is  first  to  start  all  motors  some  five  or  10  minutes 
before  the  blowing  of  the  morning  or  noon  whistle.  However, 
the  starting  of  the  motors  does  not  put  into  operation  the  looms 
and  other  mill  machinerv  that  these  motors  drive.  Each  motor 
drives  a  more  or  less  extensive  system  of  countershafting  to 
which  the  individual  looms  and  other  machinery  are  connected 
by  tight  and  loose  pulleys.  Therefore,  until  the  starting  whistle 
blows,  each  motor  operates  only  a  relatively  short  section  of 
countershafting.  As  soon  as  the  starting  whistle  blows,  each 
operator  starts  his  own  group  of  machines  as  rapidly  as  possible 
and  it  is  during  this  period  that  the  real  kilowatt  load  rises  so 
rapidly.  An  inspection  of  the  accompanjring  graphic  records 
clearly  indicates  the  period  at  which  the  real  load  is  thtowcw  ^tl. 
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From  the  data  that  have  been  given  herein,  the  writer  believes 
that  the  following  conclusion  is  entirely  logical — 

That  the  only  logical  restriction  in  size  of  motor  is  one  that 
will  prevent  it  becoming  more  than  25  per  cent  of  the  capacity 
of  the  largest  mill  on  the  system.  Such  a  restriction  as  this 
usually  leads  to  so  large  a  motor  that  no  restriction  whatever  is 
necessary. 
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Discussion  on  "The  Squirrel-Cage  Induction  Generator" 

(HOBART    and    KnOWLTON), 

"  Single-Phase  •  Induction     Motors  "     (Branson)    and 
**  Motor  Starting  Currents  as  Affecting  Large  Trans- 
mission Systems  "     (Lincoln).     Boston,  Mass.,  June  28, 
1912. 

Lee  Hagood:  My  remarks  will  be  confined  to  the  question 
of  exciting  current  in  connection  with  Mr.  Hobart's  and  Mr. 
Knowlton's  paper.  As  you  will  see  from  reading  their  paper, 
the  matter  of  exciting  currents  bears  very  much  on  the  question 
of  air  gaps.  To  some  extent,  the  amount  of  exciting  current 
required  may  appear  to  be  a  very  great  objection  to  these  ma- 
chines. I  wish  to  make  the  point  that  neither  the  design  of 
the  machine  nor  its  application  should  be  very  much  restricted 
on  account  of  exciting  current. 

On  most  commercial  systems,  the  exciting  ciurent  is  already 
large,  due  to  the  transformers  and  induction  motors.  The 
former  require  from  4  per  cent  to  8  per  cent  of  the  actual  current, 
and  the  latter  from  40  per  cent  to  80  per  cent.  Exciting  current 
is  wattless  and  90  deg.  out  of  phase  with  the  energy  current. 
Its  magnitude  depends  upon  matters  of  design.  It  may  be 
supplied  to  a  system  by  either  synchronous  motors  or  synchron- 
ous generators,  and  the  amoimt  supplied  by  any  given  machine 
to  a  system  depends  upon  the  direct  ciurent  applied  to  the  field 
of  the  unit  in  question.  In  the  circuits  involved  in  its  transmis- 
sion, it  produces  two  important  effects,  one  being  a  voltage 
difference,  and  the  other  energy  losses.  The  losses  are  mostly 
copper  losses. 

The  effect  of  exciting  current  on  PR  losses  can  be  seen  from 
the  following  equation: 

per  cent  losses  at  unity  power  factor 

per  cent  losses  = ~, -z — /  ^^ 

(power  factor)* 

For  example,  if  the  losses  in  a  transmission  line  were  8  per 
cent  at  unity  power  factor,  they  would  be  16  per  cent  at  0.7 
l)ovvcr   factor. 

The  following  equation  represents  approximately  the  voltage 
drop  in  a  transmission,  or  feeder  line: 

V  =  IeR  +  IwX  when  I„  =  /'«,-V2 

V  is  the  voltage  difference  between  a  generating  and  receiving 
station :  if  the  difference  is  a  voltage  drop,  V  must  be  taken  as 
positive  and  if  the  difference  is  a  rise  V must  be  taken  as  negative; 
X  and  R  represent  the  three-phase  resistance  and  reactance  be- 
tween the  points  under  consideration ;  /,  is  the  energy  component 
of  the  current  supplied  the  load ;  !'„  is  the  wattless  component 
of  the  transmission  line  current  at  the  receiving  end;  and  lets 
the  amount  of  wattless  current  required  to  charge  the  trans- 
mission line. 

This  formula  is  based  on  the  assumption  that  the  voltage  drop, 
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due  to  the  charging  current,  is  equal  to  {Ic/2)X,  and  that  we  can 
disregard  a  very  small  quantity  which  should  appear  in  the 
equation,  namely  Eg  (1  -  cos  a),  where  Eg  is  the  generating 
voltage  and  a  is  the  phase  relation  between  the  generating  and 
receiving  voltage. 

Fig.  1  represents  a  synchronous  generator  and  an  induction 
generator  in  the  same  station  supplying,  in  parallel,  a  non-in- 
<luctive  load.  The  induction  generator  will  recjuire  alxmt  30 
|)er  cent  exciting  current,  or  800  wattless  kv-a.  This  is  sub- 
stantially independent  of  load,  and  must  be  supplied  by  a  syn- 
chronous machine.  In  the  case  illustrated  in  Fig.  1,  neither 
the  losses  nor  the  voltage  are  of  consequence,  due  to  the  smallness 
of  the  exciting  current  and  distance  of  its  transmission. 
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Fig.  2  is  similar  to  Fig.  1,  except  that  the  load  is  inductive 
and  a  synchronous  condenser  is  applied,  of  sufficient  capacity  to 
carry  the  maximum  wattless  component  of  the  load.  The  value 
of  70  per  cent  ix)wer  factor  used  is  one  that  often  obtains  in  prac- 
tise. The  field  of  the  synchronous  condenser  can  be  imder  auto- 
matic control  by  means  of  an  automatic  voltage  regulator  in 
such  a  manner  that  the  power  factor  in  the  transmission  line  is 
corrected,  and  the  voltage  maintained  constant  across  its  bus- 
bars with  aregtdation  of  2  per  cent.  Thus  we  can  accomplish 
not  only  an  excellent  voltage  regulation  at  a  distribution  center, 
but  a  saving  in  PR  losses  and  the  full  use  of  the  kilovolt-amperes 
of  the  apparatus  involved.  In  the  case  given  in  Fig.  2,  it  is 
assumed  that  the  transmission  losses  at  unity  power  factor  are 
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8  per  cent.  Without  the  synchronous  condenser,  the  demand  on 
the  receiving  and  generating  stations  respectively  would  be 
7125  and  7625  kv-a.,  whereas  with  the  s\Tichronous  condenser 
the  demand  is  only  5200  and  5600  kv-a.  To  maintain  this  con- 
dition, a  60-cycle,  5000-kv-a.  synchronous  condenser  would  be 
suitable  and  would  cost,  with  its  switchboard  and  accessories, 
about  $20,000.  This  additional  investment  is  quite  small, 
when  wc  appreciate  that  the  total  investment  in  an  installation 
for  delivery  of  power  to  any^point  over  a  transmission  line  is 
based  principally  on  kilo  volt-amperes,  and  is  in  the  magnitude, 
in  a  great  many  cases,  of  $150  per  kv-a.  In  the  above,  we  have 
reduced  the  kilovolt-ampere  demand  by  about  2000  kv-a.;  the 
line  losses  have  been  reduced  8  per  cent,  and  an  excellent  voltage 
regulation  is  accomplished.  The  losses  in  the  synchronous  con- 
denser are  about  4  per  cent,  but  the  better  power  factor  in  the 
generators  has  reduced  their  losses  about  2.5  percent:  hence  a 
net  economy  in  losses  of  6.5  per  cent,  or  375  kw.,  is  obtained. 

The  smaller  the  constant  voltage  difference  maintained  be- 
tween the  generating  and  receiving  station,  the  nearer  constant 
will  be  the  power  factor.  If  we  make  this  difference  zero,  the 
equivalent  line  power  factor  will  be  constant  from  no  load  to 
full  load :  for  most  transmission  lines  the  equivalent  power  factor 
will  be  around  unity,  the  exact  value  depending  upon  the  rela- 
tion le/Iw  =  X/R.  The  action  of  the  synchronous  condenser, 
controlled  by  its  voltage  regulator,  is  to  hold  constant  voltage  at 
the  receiving  station  and  in  so  doing  it  automatically  carries 
all  or  part  of  the  load's  wattless  kv-a.,  at  all  loads  maintaining 
/'w  at  such  values  as  to  meet  the  given  voltage  setting  of  the 
regulator. 

I  notice  Mr.  Lincoln  referred  to  a  system  having  a  voltage  regu- 
lation around  10  per  cent.  I  have  in  mind  two  or  three  systems  in 
which  the  regulation  is  20  to  30  per  cent.  Induction  regulators 
usually  compensate  for  a  voltage  variation  of  about  20  per  cent, 
and  they  cost,  in  general,  for  similar  service,  about  half  the  price 
of  a  synchronous  condenser  for  60-cycle  service;  however,  a  syn- 
chronous condenser  can  not  only  take  care  of  voltage  regulation, 
but  it  corrects  the  power  factor,  as  well,  causing  the  consequent 
economics.  Hence,  there  exists  a  wide  application  for  its 
general    use. 

I  believe  that  we  will  come  to  a  very  extensive  application 
of  synchronous  condensers  used  for  power  factor  correction 
and  automatic  voltage  control.  In  view  of  this,  I  feel  that  but 
little  restriction  should  be  placed  on  exciting  currents  required 
by  induction  generators,  induction  motors  and  transformers. 
The  designs  of  all  these  should  lend  themselves  only  to  matters 
of  cost,  durability,  etc. 

Comfort  A.  Adams :  In  connection  with  the  question  of  ex- 
citation in  an  alternating-current  system,  I  wish  to  present  the 
following  point  of  view,  which  may  be  helpful  to  some.  In 
any    alternating-current    system    there    are    various   magnetic 
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fields  for  all  of  which  excitation  must  be  provided;  whether  it  be 
the  field  of  an  alternator,  synchronous  motor,  induction  motor, 
or  the  magnetic  field  surroimding  the  line  wires.  In  most  sys- 
tems the  only*  or  at  least  the  principal  ftindamental  source  )f 
excitation  is  the  direct  current  supplied  to  the  fields  of  the  syn- 
chronous machines  of  the  system.  Any  other  magnetic  fields, 
such  as  in  induction  motors,  transformers  or  aroimd  the  line 
wires,  must  be  excited  through  the  medium  of  reactive  lagging 
currents  which  act  as  conveyers  of^the  excitation  from  the  source 
in  the  synchronous  machines  to  the  place  of  consumption.  The 
greater  the  excitation  demanded  by  these  various  secondary 
magnetic  fields,  the  greater  must  be  the  excitation  supplied  by 
the  direct-current  field  ciurents  of  the  synchronous  machines, 
in  order  to  maintain  the  desired  voltage,  and  the  greater  must 
be  the  lagging  reactive  currents  required  for  conveying  the  ex- 
citation. Thus  one  advantage  of  supplying  the  excitation  at 
or  near  the  point  of  consumption  is  the  obvious  saving  in  the 
cost  of  transmitting  it.  But  there  is  another  sometimes  greater 
advantage,  namely  the  improvement  in  regulation  and  the  ability 
to  control  the  voltage  at  the  receiving  point  by  the  adjustment  of 
the  excitation  at  that  point.  This  point  of  view  leads  naturally 
to  the  consideration  of  a  system  in  which  the  voltage  is  main- 
tained at  the  same  value  at  all  points  by  means  of  properly 
distributed  excitation. 

Referring  now  to  the  paper  of  Messrs.  Hobart  and  Knowlton, 
consider  the  question  of  core  losses.  We  are  sometimes  tempted 
to  pride  ourselves  upon  the  accuracy  and  definiteness  of  electrical 
engineering  calculations,  but  in  ordinary  computations  of  the 
core  losses  of  induction  motors  and  induction  generators,  we 
must  multiply  the  rational  part  of  the  formula  by  from  two  to 
foiu"  in  order  to  make  the  results  check  with  observations; 
that  is,  we  acknowledge  that  the  part  of  the  core  loss  which  we 
do  not  take  account  of  rationally  in  our  formulas  is  in  some  cases 
two  or  three  times  as  large  as  the  part  rationally  accounted  for. 
The  inevitable  result  is  a  very  large  probable  error  in  any 
machine  differing  appreciably  in  design  or  construction  from 
those  previously  tested. 

One  of  the  sources  of  this  large  discrepancy  is  clearly  demon- 
strated by  the  oscillograms.  Figs.  17  and  18;  namely  the  pulsa- 
tions of  flux  in  the  teeth  at  what  may  be  called  tooth  frequency, 
and  due  to  local  variations  of  equivalent  air  gap  permeance, 
caused  by  the  slots  and  slot  openings  combined  with  a  short 
air  gap.  But  this  local  variation  of  gap  permeance  may  also 
cause  considerable  tooth-frequency  pulsations  in  the  core  back 
of  the  teeth.  For  example  consider  a  rotor  and  stator  with  20 
and  21  slots  per  pole  respectively.  Starting  with  a  rotor  tooth 
that  is  exactly  opposite  to  a  stator  tooth  at  a  particular  instant, 

•Electrostatic  capacity  cither  artificially  inserted  or  natural  to  the 
system,  such  as  the  capacity  of  a  transmission  line,  obviously  contributes 
more  or  less  exciting  current. 
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there  will  be  in  this  vicinity  at  the  same  instant  a  group  of  seven 
or  eight  rotor  teeth  each  of  which  is  nearly  opposite  to  a  sta- 
tor  tooth,  and  ten  slots  from  our  starting  point  there  will 
be  a  similar  group  of  seven  or  eight  rotor  teeth  each  of  which 
is  nearly  opposite  to  a  stator  slot.  The  first  group  mentioned 
constitutes  a  region  of  high  gap  permeance  and  the  second  group 
a  region  of  low  gap  permeance.  But  as  the  variation  of  gap 
permeance  from  point  to  point  is  gradual  from  maximum  to 
minimum  and  back  again,  we  shall  have  at  any  instant  a  com- 
]jlete  wave  or  cycle  of  gap  permeance  variation  for  each  pole. 
Had  the  number  of  slots  per  pole  on  rotor  and  stator  differed 
by  two  instead  of  one,  there  would  have  been  two  complete 
waves  for  each  pole;  and  so  on. 

A  little  consideration  will  show  that  these  waves  of  gap  per- 
meance variation  move  along  the  gap  periphery  with  a  velocity 
corresponding  exactly  to  tooth  frequency;  that  is,  the  wave  of 
variation  moves  one  complete  wave  length  while  the  rotor  is 
moving  one  tooth  pitch,  or  since  the  wave  of  gap  permeance  vari- 
ation means  a  wave  of  gap  flux  density  variation,  the  pulsation 
of  flux  density  in  the  teeth  will  be  at  tooth  frequency.  But  in 
the  first  case  cited  each  half-wave  includes  10  teeth,  and  the 
resulting  maximum  of  the  flux  wave  must  penetrate  back  into 
the  core  behind  the  teeth  to  a  depth  depending  upon  the  length 
of  the  half -wave  along  the  periphery,  which  is  one-half  of  the 
pole  pitch  in  the  assumed  case.  The  greater  the  difference 
between  the  number  of  rotor  and  of  stator  slots  per  pole  the 
greater  will  be  the  number  of  gap  permeance  waves  per  pole 
and  the  less  the  depth  to  which  the  resulting  flux  pulsations 
penetrate  back  of  the  teeth. 

It  is  obvious  that  in  any  case  the  resulting  eddy  currents  wdll 
tend  to  damp  out  these  pulsations,  and  to  reduce  the  depths 
to  which  they  penetrate,  but  that  does  not  affect  the  validity 
of   the   above   explanation. 

It  is  also  obvious  that  the  more  nearly  the  slots  are  closed  and 
the  longer  is  the  air  gap,  the  less  will  be  the  amplitude  of  the 
wave  of  reluctance  variation. 

There  are  thus  in  some  cases  tooth-frequency  flux  pulsations 
in  a  portion  of  the  core  back  of  the  teeth  as  well  as  in  the  teeth 
themselves. 

There  is  also  the  wave  loss*  due  to  the  eddy  currents  induced 
in  the  tips  of  the  stator  teeth  as  the  edges  of  the  rotor  teeth  pass 
across  them. 

And  finally  there  is  the  extra  loss  due  to  the  breakdown  of 
the  insulation  between  the  laminations.  This  last  can  be 
largely  eliminated  by  more  careful  lamination,  or  by  using  less 
pressure  when  assembling  the  plates,  or  by  both,  although  con- 
siderable i)ressurc  is  desirable  for  mechanical  reasons. 

If  these  phenomena  could  be  readily  subjected  to  reasonably 
accurate  analysis,  there  would  be  five  separate  core  loss  compu- 

•See  Pole  Face  Losses,  A,  I.  E.  E.  Trans.  1909,  XXVIII,  Part  II,p,  lU^. 
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tations  to  make,  excluding  breakdown  of  insulation,  in  place 
of  the  one  or  two  now  employed.  But  unfortimatcly  these 
phenomena  are  not  as  yet  amenable  to  even  roughly  approx- 
imate quantitative  analysis,  as  a  little  consideration  will  show. 
It  is  reasonable  to  expect,  however,  that  some  at  least  semi-rational 
method  will  be  discovered  for  computing  these  losses  separately. 
The  speaker  has  been  carrying  on  a  series  of  experiments  to  this 
end  and  hopes  later  to  present  some  useful  results,  although 
those  thus  far  obtained  are  chiefly  confirmatory  of  our  pre\'ious 
conclusion,  that  the  problem  is  a  very  difficult  and  complicated 
one. 

Referring  now  to  the  question  of  neutralizing  the  pulsation  of 
single-phase  armature  reaction  by  means  of  a  squirrel-cage  dam- 
per, it  is  stated  on  page  1745  that  **  if  the  aggregate  cross-section 
provided  by  the  face  conductors  of  the  squirrel  cage  equals  the 
aggregate  cross-section  of  the  stator  conductors,  then  the  loss 
incurred  in  neutralizing  the  pulsations  of  the  stator  current 
is  about  equal  to  the  stator  PR  loss." 

This  damper  loss  has  also  been  estimated  at  one-half  and  one- 
quarter  of  the  above,  respectively,  by  well-known  engineers. 

All  of  these  estimates  are  presumably  based  upon  the  as- 
simiption  of  perfect  damping,  that  is  that  the  leakage  reactance 
between  stator  and  damper  windings  is  negligible,  which  is 
not  the  case. 

The  speaker  has  made  careful  computations  of  this  loss, 
with  the  following  results.  The  method  of  computation  will  be 
set  forth  at  another  time.  Suffice  it  to  say  for  the  present  that 
there  are  many  factors  entering  into  the  computation,  and  that 
many  approximations  are  necessary. 

Assimiing  perfect  damping  as  above  and  assuming  the  same 
current  density  in  the  damper  as  in  the  armature  copper,  the 
damper  loss  will  about  equal  70  per  cent  of  the  armature  copper 
loss;  with  the  same  copper  section  in  damper  and  armature, 
the  damper  loss  will  be  somewhat  less  than  50  per  cent  of  the 
stator  copper  loss.  Practically  the  losses  will  be  slightly  less 
than  indicated  by  these  figures,  owing  chiefly  to  the  leakage  re- 
actance between  armature  and  damper  conductors,  as  the  re- 
sistance is  relatively  a  small  factor. 

E.  F.  W.  Alexanderson:  In  connection  with  the  remarks  of 
Professor  Adams  I  should  like  to  mention  the  results  of  an  investi- 
gation which  I  made  in  order  to  determine  a  practical  equation 
for  finding  the  high-frequency  tooth  losses  in  induction  motors. 
It  is  a  well-known  fact  to  designers  that  the  additional  core  loss, 
due  to  magnetic  disttirbances,  is  higher  in  induction  motors 
than  in  synchronous  machines.  A  number  of  induction  motors 
were  examined,  using  data  available  for  machines  of  greatly 
varying  losses  and  speeds,  in  order  to  find  a  law  for  the  variation 
of  the  losses  due  to  high-frequency  magnetic  disturbance  in  the 
teeth.  It  was  anticipated  that  a  formula  could  be  based  on  the 
frequency  of  the  magnetic  disturbance  or  on  the  width  of  the 
teeth.    However,  on  going  over  the  material  available,  it  was 
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found  that  in  machines  of  the  same  peripheral  speed  the  high- 
frequency  loss  was  practically  independent  of  the  frequency, 
because  a  higher  loss  that  might  be  expected  from  the  higher 
frequencies  is  offset  by  the  smaller  penetration  of  the  disturbance 
that  necessarily  accompanies  a  greater  number  of  slots.  As  a 
result,  it  was  concluded  that  the  variations  due  to  any  other 
cause  than  the  peripheral  speed  itself  and  the  average  flux  density 
are  smaller  than  the  variation  that  occurs  between  machines 
of  the  same  design,  due  to  difference  in  the  grade  of  iron  or  the 
mechanical  treatment  of  the  same.  A  formula  was,  therefore, 
evolved  to  determine  the  core  loss  due  to  high  frequency  in  the 
teeth,  which  is  based  on  peripheral  speed  and  magnetic  density 
of  the  gap  only.  The  loss  is  proportional  to  the  square  of  the 
speed,  and  the  square  of  the  density  and  the  empirical  constant 
is  apparently  the  same  from  the  largest  and  highest-speed 
machines  to  the  small  or  low-speed  machines. 

For  induction  motors  of  ordinary  design  with  open  slots  and 
standard  iron,  the  empirical  formida  for  cc^re  loss  due  to  tooth 
frequency  is 

,       .    ,          ^  ^o  diameter  /  rev.   per  min.  X  flux  X  poles  \* 
lossmkw.  =  0.13    j^^g^j^     ( j-^^^ -) 

The  core  loss  in  the  original  induction  generator  referred  to  in 
the  Hobart  paper  may  seem  excessive,  but  it  is  in  accord  with  the 
general  law,  as  expressed  by  the  above  formula,  and  in  order  to 
reduce  the  tooth  losses  to  such  values  as  might  be  expected  in 
synchronous  machines,  it  was  necessary  to  employ  special 
measures.  This  condition  will  apply,  in  general,  to  induction 
generators,  and  is  a  circumstance  that  may  make  it  difficult 
for  such  machines  to  compete  with  synchronous  generators. 
However,  this  is  a  question  that  will  answer  itself,  because  the 
preference  for  one  type  of  machine  or  the  other  can  be  expressed 
in  dollars  cost  per  kilowatt. 

There  is  another  consideration  which  I  think  is  of  importance, 
i.e.,  the  one  referred  to  by  Capt.  Hagood,  whether  the  power 
companies  will  favor  a  generator  which  needs  lagging  current 
for  excitation.  If  it  is  agreed  that  the  lagging  component  can 
be  taken  care  of  to  advantage  by  synchronous  condensers,  a 
field  is  opened  for  other  types  of  generators  which  have  been 
practically  forgotten,  such  as  the  Stanley  double  synchronous 
generator  which  makes  it  possible  to  operate  a  25-cycle  turbine 
set  at  3000  rev.  per  min. 

Lester  McKenney  (by  letter) :  It  seems  to  me  that  in  making 
a  rule  as  to  the  largest  size  motor  to  be  allowed  on  a  system,  the 
rule  should  be  based  on  the  capacity  of  the  system,  or  that  part 
of  the  system  supplying  the  section  in  which  the  motor  is  to 
be  installed,  rather  than  upon  the  capacity  of  the  largest  mill 
in  that  section,  for  the  reason  that  a  rule  based  on  such  a  method 
would  be  more  general  in  its  application.  As  a  result  of  the  rule 
based  upon  the  capacity  of  the  largest  mill,  we  see  that  it  tba 
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load  on  the  system  were  made  up  of  a  great  number  of 
small  mills,  the  largest  motor  would  be  of  comparatively  small 
size,  and  all  out  of  proportion  to  the  capacity  of  the  system  and 
its  ability  to  furnish  motor  starting  currents. 

The  number  of  motors  of  the  maximum  size  allowable  also 
deserves  special  consideration.  The  idea  here  is  not  so  much 
to  protect  the  consumer  having  a  motor  of  the  maximum  size 
against  voltage  disturbances,  when  his  motors  are  started,  as 
to  protect  the  rest  of  the  consumers  against  such  starting. 

It  is  to  be  regretted  that  no  charts  were  taken  showing  the 
voltage  disturbances  at  the  mills  and  at  the  centers  of  distribu- 
tion, during  the  investigation,  as  such  records  would  have  given 
much  valuable  information  on  one  of  the  principal  points  men- 
tioned in  the  paper. 

It  hardly  seems  possible  that  poor  voltage  regtdation  would 
be  tolerated,  even  on  a  large  transmission  system  dealing  in 
wholesale  power,  if  it  were  not  for  the  large  expenditure  required 
for  its  elimination.  A  considerable  part  of  the  cost  of  our  equip- 
ment is  due  to  the  demand  for  good  voltage  regulation.  It 
therefore  seems  desirable  that  we  take  advantage  of  everything 
to  secure  this  result,  even  to  limiting  the  sizes  of  motors  permitted 
on  our  transmission  systems,  providing  the  result  is  not  obtained 
by  too  great  a  sacrifice  of  other  things. 

Referring  to  the  charts  Figs.  1  and  2,  it  will  be  noted  that  in  * 
plant  No.  3  the  motors  are  overloaded,  while  in  plant  No.  8 
they  are  underloaded;  and  that  the  ratio  of  the  starting  current 
to  the  nmning  current  is  based  on  the  actual  load  which  obtained 
at  the  time.  On  this  basis,  the  ratio  was  nearly  the  same  in 
both  plants.  The  starting  currents  are  independent  of  the  load 
on  the  motors,  and  it  seems  desirable,  for  the  purpose  of  future 
comparisons,  that  the  ratio  of  the  starting  currents  to  the  nmning 
ciurents,  be  based  on  the  rated  full-load  current  of  the 
motors. 

On  this  basis,  the  maximum  starting  current  in  plant  No.  3, 
having  squirrel-cage  motors,  would  be  80  per  cent  of  rated  full- 
load  nmning  current;  while  in  plant  No.  8,  having  wound- 
rotor  motors,  the  starting  current  is  only  50  per  cent  of  the  rated 
full-load  running  current.  This  seems  a  most  reasonable  basis 
of  comparison,  as  it  shows  the  relation  of  the  starting  currents 
to  the  capacity  of  the  motors. 

It  seems  to  me  that  the  starting  of  squirrel-cage  motors, 
with  compensators,  can  be  hurried  to  as  great  an  extent  as  the 
starting  of  wound-rotor  motors,  and  just  as  great  drafts  of  current 
caused  thereby. 

There  is  one  other  point  in  this  comparison,  which  the  paper 
does  not  bring  out,  and  that  is,  the  higher  power  factor  of  the 
starting  currents  of  wound-rotor  motors,  which,  for  equal  values, 
cause  less  voltage  disturbance  than  the  starting  currents  of 
squirrel-cage  motors.  The  wound-rotor  motor  is,  therefore; 
most  to  be  desired  where  close  voltage  regtdation  is  an  impor- 
tant feature. 
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H.  M.  Hobart;  Capt.  Hagood  first  spoke  of  the  synchronous 
condenser,  and  it  would  seem  that  if  it  should  become  customary 
to  use  a  synchronous  condenser  to  control  the  power  factor  of 
distribution  systems  the  field  for  the  induction  generator  would 
at  the  same  time  be  slightly  widened.  I  do  not  feel  that  the 
field  for  the  induction  generator  in  any  case  is  going  to  be  very 
extensive,  but  it  certainly  has  several  very  important  charac- 
teristics to  which  Mr.  Knowlton  and  I  have  called  attention 
in  our  paper.  We  have  endeavored  also  to  call  attention  to  its 
faults  and  limitations  so  that  both  sides  of  the  question  could 
be  imderstood. 

There  are  certainly  many  cases  where  it  would  be  of  commer- 
cial advantage  to  have  a  considerable  proportion  of  the  plant 
consist  of  induction  generators.  Consequently,  from  the  stand- 
point of  being  in  a  position  to  realize  these  commercial  advan- 
tages, it  is  to  be  hoped  that  Captain  Hagood 's  views  as  to  the 
rapid  introduction  of  the  synchronous  condenser  will  be  realized. 
It  seems  to  me  his  argument  is  very  sound,  that  they  should  be 
widely  used.  Prof essor  Adams  spoke  of  many  interesting  attri- 
butes of  windings  and  the  effect  of  employing  either  full  pitch  or 
fractional  pitch .  These  were  very  interesting  and  it  certainly  is  up 
to  designers  to  keep  this  matter  carefully  in  mind  in  such  work. 
As  to  the  loss  in  squirrel-cage  windings  it  looks  as  if  Professor 
Adams  is  correct,  and  that  we  have  overestimated  the  PR  loss 
needed  in  the  squirrel-cage  winding  to  effect  a  certain  degree 
of  compensation.  On  the  other  hand  I  believe  we  have  under- 
estimated the  parasitic  iron  loss  which  will  still  remain  on  our 
hands  due  to  incomplete  compensation  of  the  pulsations  of 
magnetomotive  force.  I  should  personally  be  of  the  opinion  that 
the  net  result  would  be  substantially  the  same  except  that  we 
ascribe  it  to  PR  loss  where  it  is  partly  PR  loss  and  partly  hys- 
teresis and  eddy  losses  in  the  iron.  Mr.  Alexanderson  spoke 
of  the  greater  losses  which  he  considered  to  be  inherent 
in  the  induction  type  of  machine.  I  personally  feel  that 
any  excess  losses  are  nearly  if  not  entirely  attributable  to 
the  American  plan  of  employing  form-wotmd  coils,  and  the  con- 
sequent necessity  of  wide-open  slots.  Of  course  it  is  a  great 
commercial  advantage  to  have  form-wound  coils,  but  if  you  were 
to  test  European  motors  with  nearly  closed  slots  on  both  stator  and 
rotor,  the  losses  would  be  found  to  be  down  to  the  values  obtained 
on  other  types  of  electric  machines.  It  is  of  more  importance 
in  induction  machines  to  have  closed  slots  because  of  the  neces- 
sity of  employing  a  very  small  air  gap.  It  is  also  interesting  to 
keep  in  mind  the  point  that  Mr.  Alexanderson  made  that  the  re- 
cent revival  of  interest  in  induction  generators  carries  otir  at- 
tention back  to  various  less  simple  types  of  induction  generators 
that  have  been  brought  out  from  time  to  time.  And  I  am  aware 
that  Mr.  Alexanderson  has  given  a  great  deal  of  attention  to  some 
of  these  types  and  finds  that  they  possess  qualities  which  will 
probably  be  of  commercial  value  in  the  futiu*e. 
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E.  Knowlton  (by  letter) :  On  page  1742  mention  is  made  of 
the  method  of  ventilation  for  a  high-speed  induction  generator. 
The  statement  regarding  the  less  amount  of  cooling  surface 
required  with  axial  ventilation  should  not  be  construed  as  mean- 
ing that  this  feature  can  be  entirely  neglected.  The  amount  of 
surface  can  be  considerably  reduced  because  of  the  lower  tem- 
perature drop  through  the  iron  when  the  heat  is  transmitted  along 
the  plane  of  the  laminations  instead  of  transversely  thereto,  but 
one  should  not  lose  sight  of  the  fact  that  the  temperature  drop 
at  the.  surface  should  be  taken  into  accotmt,  as  it  is,  even  with 
axial  ventilation,  an  appreciable  part  of  the  total  drop.  When 
the  air  passes  through  any  machine  in  parallel  paths  the  resis- 
tance of  the  paths  should  bear  some  relation  to  the  heat  to  be 
absorbed  by  the  air  in  the  path.  Because  of  other  considerations 
it  is  usually  difficult  to  predetermine  the  paths  accurately,  but 
a  careful  test  of  a  machine  will  generally  suggest  means  of  im- 
provement. With  some  designs  the  inherent  characteristics  are 
such  that  the  greater  amoimt  of  air  will  be  supplied  to  the  hotter 
parts  where  it  is  needed,  but  in  others  special  construction  must 
be  used  to  accomplish  this  result. 

W.  L.  Waters  (by  letter) :  The  paper  of  Messrs.  Hobart  and 
Knowlton  is  a  very  useful  presentation  of  the  status  of  the  in- 
duction generator  to  date.  As  has  been  frequently  pointed  out 
in  the  past,  the  main  field  for  this  type  of  generator  at  the  pres- 
ent time  is  in  large  city  power  systems  operating  synchronous 
machinery  or  in  water-power  systems  consisting  of  a  number 
of  comparatively  small  isolated  stations. 

The  authors  describe  the  first  really  important  installation 
of  the  induction  generator  on  a  large  scale,  and  the  tests  made  are 
both  interesting  and  instructive.  The  suggestion  that  this  type 
of  generator  is  suitable  for  single-phase  work  is,  I  think,  a  some- 
what radical  one.  It  is  essentially  a  generator  for  high  power 
factor  or  leading  power  factor  loads,  while  a  single-phase  load 
is  usually  a  railway  one  of  low  power  factor.  The  low  efficiency 
of  the  single-phase  generator  is  due  almost  entirely  to  the  low 
output  for  given  dimensions  and  weight,  compared  to  the  three- 
phase  rating.  The  total  losses  are  approximately  the  same  for 
both  single-  and  three-phase,  so  that  the  slight  reduction  in  the 
eddy  current  loss  in  the  damping  circuit  of  the  rotor  claimed  for 
the  induction  generator  would  have  little  effect  upon  the  effi- 
ciency. 

I  fully  expect  that  the  induction  generator  will  have  an  im- 
portant future  in  power  station  work  as  soon  as  operating  engi- 
neers realize  fully  its  advantages,  and  the  demand  increases  so 
that  manufacturers  can  standardize  them  like  synchronous  units. 
I  think  Messrs.  Hobart  and  Knowlton^s  paper  will  help  greatly 
in  again  bringing  this  type  of  generator  before  the  public  and 
in  familiarizing  it  with  its  characteristics. 


A  paper  prtsenUd  at  tkt  29th  Annual  Con- 
vention  of  the  American  Institute  of  Electrical 
Engineers,  Boston.  Mass.,  June  28.  1012. 
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DEVELOPMENT  OF  A  SUCCESSFUL  DIRECT-CURRENT 
2000-KW.  UNIPOLAR  GENERATOR 


BY    B.    G.    LAMME 


This  paper  is  not  intended  to  be  a  theoretical  discussion  of 
the  principles  of  unipolar  machines ;  neither  is  it  a  purely  descrip- 
tive article.  It  is  rather  a  record  of  engineering  experiences 
obtained,  and  difficulties  overcome,  in  the  practical  development 
of  a  large  machine  of  the  unipolar  type.  For  those  who  are  in- 
terested in  the  design  and  development  of  electrical  machinery 
there  may  be  many  points  of  very  considerable  interest  in  this 
record.  Some  of  the  conditions  of  operation,  with  their  attend- 
ant difficulties,  proved  to  be  so  unusual  that  it  is  believed  that 
a  straightforward  story  of  these  troubles,  and  the  methods  for 
correcting  them,  will  be  of  some  value  as  a  published  record. 

Two  theoretical  questions  of  unipolar  design  have  come  up 
frequently:  (1)  whether  the  magnetic  flux  rotates  or  travels 
with  respect  to  the  rotor  or  the  stator;  and  (2)  whether  it  is 
possible  to  generate  e.m.fs.  in  two  or  more  conductors  in  series 
in  such  a  way  that  they  can  be  combined  in  one  direction,  with- 
out the  aid  of  a  corresponding  number  of  pairs  of  collector  rings, 
to  give  higher  e.m.fs.  than  a  single  conductor. 

To  the  first  question  the  answer  may  be  made  that  in  the 
machne  in  question,  it  makes  no  difference  whether  the  flux 
rotates  or  is  stationary;  the  result  is  the  sam?  on  either  assump- 
tion. To  the  second  it  may  be  said  that  when  the  theory  of  inter- 
linkages  of  the  electric  and  magnetic  circuits  is  properly  con- 
sidered, it  is  obvious  that  the  resultant  e.m.f.  is  equivalent  to  that 
of  one  ciTectivc  conductor,  and  therefore  it  is  not  practicable 
to  obtain  higher  e.m.fs.  than  represented  by  on:^  conductor, 
without  the  use  of  collector  rings  or  some  equivalent  de-vvo.^.    \X 
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has  been  proposed  in  the  past,  by  means  of  certain  arrangements 
of  liquid  conductors  in  insulating  tubes,  to  add  the  e.m.fs.  of 
several  conductors  in  series,  but  such  a  scheme  does  not  appear 
to  be  a  practical  device.  Therefore,  the  theoretical  considera- 
tions being  largely  eliminated,  the  author  confines  himself  to 
the  practical  side  only. 

In  1896  the  writer  designed  a  small  unipolar  generator  of 
approximately  three  volts  and  6000  amperes  capacity  at  a 
speed  of  1500  rev.  per  miir.  This  machine  was  built  for  meter  test- 
ing and  the  occasion  for  its  design  lay  in  the  continued  trouble 
encountered  with  former  machines  of  the  commutator  type 
designed  for  very  heavy  currents  at  low  voltages. 

The  general  construction  of  this  early  machine  is  shown  in 
Fig.  1.     The  rotating  part  of  this  machine  consisted  of  a  brass 
casting  of  cylindrical  shape,  with  a  central  web,  very  similar 
to  a  cast  metal  pulley.     The  two 
outer  edges  of  this  pulley  or  ring 
served  as  collector  rings  for  col- 
lecting the   current    as   indicated 
in  the  figure,  while  the  body  of  the 
same    ring    served   as    the    single 
conductor.      The    object    of    this 
construction  of  rotor  was  to  obtain 
a  form  which  could  be  very  quickly 
renewed  in  case  of  rapid  wear,  as 
this  arrangement  would   allow   a 

small  casting  to  be  made  and  simply  turned  up  to  form  a  new 
rotor.  However,  this  renewal  feature  has  not  been  of  very 
great  importance, 'for  the  rotor  of  the  first  machine  was  replaced 
only  after  12  years'  service.  This  period  of  course  did  not 
represent  continuous  service,  for  this  particular  machine  was 
used  for  meter  testing  purposes  or  where  large  currents  were 
required  only  occasionally. 

A  number  of  peculiar  conditions  were  found  in  this  machine. 
In  the  initial  design  the  leads  for  carrying  the  current  away 
from  the  brushes  were  purposely  carried  part  way  around  the 
shaft  in  order  to  obtain  the  effect  of  a  series  winding  by  means 
of  the  leads  themselves.  In  practice,  they  were  found  to  act  in 
this  manner  and,  in  fact,  they  over-compounded  the  machine 
possibly  30  to  40  per  cent.  In  consequence,  it  was  necessary 
to  shunt  them  by  means  of  copper  shunts  around  the  shaft  in 
the  opposite  direction. 


Fig.  1 
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Shortly  after  this  machine  was  put  in  operation  there  was  con- 
siderable cutting  of  the  brushes  and  rings,  especially  at  very 
heavy  currents.  It  was  found  that  block  graphite,  used  as  a 
lubricant,  gave  satisfactory  results.  This  machine  was  operated 
up  to  10,000  to  12,000  amperes  for  short  periods. 

The  description  of  the  above  machine  has  been  gone  into  rather 
fully,  as  it  was  a  forerunner  of  the  2000-kw.  machine  which  will 
be  described  in  the  following  pages.  The  general  principle  of 
construction  and  the  general  arrangement  of  the  two  parts,  or 
paths,  of  the  magnetic  circuit  are  practically  the  same  in  the  two 
machines,  as  will  be  shown. 

In  1904,  due  to  the  rapidly  increasing  use  of  steam  turbines, 
the  question  of  building  a  turbo-generator  of  the  unipolar  type 
was  brought  up,  and  an  investigation  was  made  by  the  writer 
to  determine  the  possibilities.  This  study  indicated  that  a 
commercial  machine  for  direct  connection  to  a  steam  turbine 
could  be  constructed,  provided  a  very  high  peripheral  speed  was 
allowable  at  the  collector  rings  or  current-collecting  surfaces.  It 
appeared  that  the  velocity  at  such  collector  surfaces  would  have 
to  be  at  least  200  to  250  feet  per  secgnd,  in  order  to  keep  the 
machine  down  to  permissible  proportions  of  the  magnetic 
circuit,  and  to  allow  a  reasonably  high  turbine  speed.  Con- 
trary to  the  usual  idea,  the  very  high  speeds  obtainable  with 
steam  turbines  are  not  advantageous  for  unipolar  machines. 
For  example,  while  maintaining  a  given  peripheral  speed  at  the 
current  collecting  surface,  if  the  revolutions  per  minute  of  the 
rotor  are  doubled,  then  the  diameter  of  the  rotor  collecting 
rings  is  halved,  and  the  diameter  of  the  magnetic  core  surrounded 
by  the  collector  rings  is  more  than  halved,  and  the  effective 
section  of  core  is  reduced  to  less  than  one-fourth.  The  e.m.f. 
generated  per  ring  or  conductor,  therefore,  on  the  basis  of  flux 
alone,  would  be  reduced  to  less  than  one-fourth,  but  allowing 
for  the  doubled  revolutions  per  minute,  it  becomes  practically 
one-half. 

On  the  other  hand,  if  the  revolutions  are  reduced,  while  the 
speed  of  the  collector  ring  is  kept  constant,  then  the  e.m.f. 
per  ring  can  be  increased,  as  the  cross-section  of  the  magnetic 
circuit  increases  rapidly  with  reduction  in  the  number  of  revo- 
lutions. But  at  a  materially  reduced  speed,  the  total  material 
in  the  magnetic  circuit  becomes  unduly  heavy.  In  consequence, 
if  the  speed  is  reduced  too  much,  then  the  machine  becomes  too 
large  and  expensive,  while  with  too  great  an  increase  in  si^eed^ 
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the  e.m.f.  per  ring  becomes  low  or  the  peripheral  speed  of  the 
rings  must  be  very  high.  It  is  desirable  to  keep  the  number 
of  collector  rings  as  small  as  possible,  for  each  pair  of  rings  handles 
the  full  current  of  the  machine,  and  therefore  any  increase 
in  the  number  of  rings  means  that  the  full  current  must  be  col- 
lected a  correspondingly  large  number  of  times.  Therefore, 
it  works  out  that  the  range  of  speeds,  within  which  the  unipolar 
machine  becomes  commercially  practicable,  is  rather  narrow. 
In  1906,  an  order  was  taken  for  a  2000-kw.,  1200-rev.  per  min., 
260-volt,  7700-ampere  unipolar  generator  to  be  installed  in  a 
Portland  cement  works  near  Easton,  Pa.  The  fact  that  it  is 
a  cement  works  should  be  emphasized,  as  having  a  considerable 
bearing  on  the  history  of  the  operation  of  this  machine,  as  will 
be  shown  later. 
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Fig.  2 


This  2000-kw.  machine  does  not  represent  any  theoretically 
radical  features,  being  similar  in  type  to  the  smaller  machine 
already  described,  but  modified  somewhat  in  arrangement  to 
allow  the  use  of  a  large  niunber  of  cvurent  paths  and  collector 
rings.  The  general  construction  of  this  machine  is  indicated 
in  Fig.  2. 

The  stator  yoke  and  the  rotor  body  arc  made  of  solid  steel, 
the  stator  being  cast,  while  the  rotor  is  a  forging.  There  are 
eight  collector  rings  at  each  end  of  the  rotor,  the  corresponding 
rings  of  the  two  ends  being  connected  together  by  solid  round 
conductors,  there  being  six  conductors  per  ring,  or  48  con- 
ductors total.  In  each  conductor  is  generated  a  normal 
e.m.f.  of  32.5  volts,  and  with  all  the  rings  connected  in  series, 
the  total  voltage  is  260. 

The  stator  core,  at  what  might  be  called  the  pole  face,  is  built 
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up  of  laminated  iron,  forming  a  ring  around  the  rotor.  This 
was  laminated  in  order  to  furnish  an  easy  method  for  obtaining 
the  stator  slots  in  which  lie  the  conductors  which  connect  to- 
gether the  brushes  or  brush  holders  for  throwing  the  pairs  of 
rings  in  series.  The  slots  in  the  stator  laminations  were  made 
open,  as  indicated  in  Fig.  3,  in  order  readily  to  insert  the  stator 
conductors.  There  are  16  slots  in  this  ring,  and  in  each  slot 
there  is  placed  one  large  solid  conductor. 

As  first  assembled,  non-mctallic  wedges  were  used  to  close 
these  slots,  but  later  these  were  changed  to  cast  iron,  for  reasons 
which  will  be  explained  later. 

The  rotor  core  consists  of  one  large  forging,  as  indicated  in 
Fig,  2.     Lengthwise  of  this  rotor  are  12  holes  for  ventilating 


purposes,  originally  2  j  in.  in  diameter.  Each  of  these  holes  is  con- 
nected to  the  external  surface  by  means  of  nine  Ij-in.  radial 
holes  at  each  end  of  the  rotor,  these  holes  corresponding  to  mid- 
l)ositions  between  the  collector  rings.  It  was  intended  to  take 
air  in  at  each  end  of  the  rotor  and  feed  it  out  between  the  collec- 
tor rings  for  cooling.  In  addition,  as  originally  constructed, 
there  was  a  large  enclosed  fan  at  each  end,  as  indicated  in  Fig.  4, 
These  fans  took  air  in  along  the  shaft  and  directed  it  over 
the  collector  rings  parallel  to  the  shaft.  The  object  of  this  was 
to  furnish  an  extra  amount  of  air  for  cooling  the  surfaces  of  the 
rings,  and  the  brushes  and  brush  holders,  as  it  was  estimated 
that  the  brushes  and  brush  holders  themselves  could  conduct 
away  a  considerable  amount  of  heat  from  the  rings  by  direct 
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contact,  and  that  the  cooling  air  from  the  fans,  circulating  among 
the  brush  holders,  would  carry  away  this  heat.  These  fans 
were  removed  during  the  preliminary  tests,  for  reasons  which  will 
be  given  later. 

The  rotor  collector  rings  consisted  of  eight  large  rings  at  each 
end,  insulated  from  the  core  by  sheet  mica,  and  from  each  other 
by  air  spaces  between  them.  Each  ring  has  48  holes  parallel 
to  the  shaft.     These  holes  are  of  slightly  larger  diameter  than 
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the  rotor  conductors  outside  their  insulation.  Six  holes  in 
each  ring  were  threaded  to  contain  the  ends  of  six  of  the  conduc- 
tors which  were  joined  to  each  ring.  The  six  conductors  con- 
nected to  each  ring  were  spaced  symmetrically  around  the  core. 
Fig.  5  shows  this  construction. 

The  rotor  conductors,  48  in  number,  consist  of  one-in.  copper 
rods,  outside  of  which  is  placed  an  insulating  tube  of  hard  ma- 
terial. Each  conductor,  in  fact,  consists  of  two  lengths  arranged 
for  joining  in  the  middle.  The  outer  end  of  each  conductor 
is  upset  to  give  a  diameter 
larger  than  the  insulating  tubes,  ^ 
and  a  thread  is  cut  on  this  ex- 
panded  part.  After  the  rings 
were  installed  on  the  core,  the 
rods  were  inserted  through  the  c 
holes  to  the  threaded  part  of  a 
ring  and  were  then  screwed 
home. 

At  the  middle  part  of  the  rotor  core,  a  groove  is  cut  as  shown 
in  Fig.  6.  Into  this  groove  the  two  halves  of  each  conductor 
project.  These  two  ends  are  then  connected  together  by  strap 
conductors  in  such  a  way  as  to  give  flexibility  in  case  of  expan- 
sion of  the  conductors  lengthwise.  This  arrangement  is  also 
shown  in  Fig.  6. 

With  this  arrangement  there  is  no  possibility  whatever  of 
the  conductors  turning  after  once  being  connected.     There  is 
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a  series  of  holes  from  the  axial  holes  through  the  shaft  to  this 
central  groove,  for  the  purpose  of  allowing  some  ventilating  air 
to  flow  over  the  central  connections. 

As  originally  constructed,  the  conductors  passed  through  com- 
pletely enclosed  holes  near  the  siuiace  of  the  rotor  core,  as  in- 
dicated in  Fig.  7.  This  construction  was  afterwards  modified 
to  a  certain  extent.  The  face  of  the  rotor  at  this  point  was  also 
solid,  as  originally  constructed.  This  was  afterwards  changed, 
as  will  be  described  later. 

The  collector  rings,  as  originally  constructed,  consisted  of  a 
base  ring  with  a  wearing  ring  on  the  outside,  as  shown  in  Fig.  8. 
Both  rings  were  made  of  a  special  bronze,  with  high  elastic 
limit  and  ultimate  strength.  On  the  preliminary  tests  these 
rings  showed  certain  difficulties  and  required  very  considerable 
modifications,  and  several  different  designs  were  developed 
during  the  preliminary  operation. 
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Fig.  8 


The  eight  sets  of  brush  holders  at  each  end  are  carried  by 
eight  copper  supporting  rings.  These  supporting  rings  are 
insulated  from  the  frame  of  the  machine  but  are  connected  in 
series  by  means  of  the  conductors  through  the  stator  slots. 
There  are  16  brush  holder  studs  per  ring  and  two  brush  holders 
per  stud,  each  capable  of  taking  a  copper  leaf  brush  f  in.  thick 
by  1§  in.  wide.  These  brush  holders  are  spaced  practically 
uniformly  around  the  supporting  rings.  The  supporting  copper 
rings  are  continuous  or  complete  circles,  so  that  the  currents 
collected  from  the  brushes  are  carried  in  both  directions 
around  the  ring.  There  are  two  conductors  carried  from  each 
ring  through  the  stator  slots  to  a  ring  on  the  opposite  side  of  the 
machine,  in  order  to  connect  the  various  brush  holders  in  series. 
The  arrangement  is  illustrated  in  Fig.  9. 

The  above  description  represents  the  machine  as  ori^txalV^ 
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constructed  and  put  on  shop  test.  From  this  point  on,  the 
real  story  begins.  Various  unexpected  troubles  developed,  each 
of  which  required  some  minor  modification  in  the  construction  of 
the  machine,  and  moreover,  these  troubles  occurred  in  series, 
that  is,  each  trouble  required  a  certain  length  of  time  to  de- 
velop, and  each  one  was  serious  enough  to  require  an  immediate 
modification  in  the  machine.  In  consequence,  the  machine 
would  be  operated  until  a  certain  difficulty  would  develop;  that 
is,  that  trouble  would  appear  which  took  the  least  time  to  de- 
velop. After  it  was  remedied,  a  continuation  of  the  test  would 
show  a  second  trouble  which  required  a  remedy,  and  so  on. 
Some  of  these  troubles  were  of  a  more  or  less  startling  nature. 

This  machine,  after  being  assembled  according  to  its  original 
design,  was  operated  over  a  period  of  several  weeks  in  the  testing 
room  of  the  manufacturing  company.  It  was  operated  both 
at  no-load  and  at  full-load  current,  and  a  careful  study  was 
made  of  all  the  phenomena  which  were  in  evidence  during 
these  tests. 

The  machine  was  first  run  at  no-load  without  field  charge 
to  note  the  ventilation,  balance,  and  general  running  conditions 
of  the  machine.  The  ventilation  seemed  to  be  extremely  good, 
especially  that  due  to  the  fans  on  the  ends  of  the  shaft.  The 
noise,  however,  was  excessive — so  much  so  that  anyone  working 
around  the  machine  had  to  keep  his  ears  padded.  At  first  it 
was  difficult  to  locate  the  exact  source  of  this  noise,  but  it  was 
determined  that  the  end  fans  were  responsible  for  a  considerable 
part  of  it. 

On  taking  the  saturation  curve  of  the  machine,  it  was  found 
to  be  extremely  sluggish  in  following  any  changes  in  the  field 
current.  The  reason  for  this  sluggishness  is  obvious  from  the 
construction  of  the  machine,  each  magnetic  circuit  of  the  rotor 
core  being  surrounded  by  eight  continuous  collector  rings  of 
very  heavy  section,  and  also  by  eight  brush-holder-supporting 
rings  of  copper  of  very  low  resistance.  These  rings,  of  course, 
formed  heavy  secondaries  or  dampers  which  opposed  any  change 
in  the  main  flux.  The  total  effective  section  of  these  rings  was 
equivalent  in  resistance  to  a  pure  copper  ring  having  a  section 
of  49  sq.  in.  One  can  readily  imagine  that  such  a  ring  would  be 
very  effective  in  damping  any  sudden  flux  changes.  This  slug- 
gishness of  the  machine  to  changes  in  flux,  however,  was  not 
an  entirely  unexpected  result. 

The  saturation  curve  showed  that  the  machine  could  be  carried 
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considerably  higher  in  voltage  than  originally  contemplated,  for 
apparently  the  magnetic  properties  of  the  heavy  steel  parts 
were  very  good,  andjt  was  possible  to  force  the  inductions  in 
these  parts  to  much  higher  density  than  was  considered  prac- 
ticable in  working  out  the  design.  This  gave  considerable  lee- 
way for  changes  which  later  were  found  to  be  necessary. 

In  taking  the  saturation  curve,  the  power  for  driving  the 
machine  was  measured  and  it  was  found  that  there  were  prac- 
tically no  iron  losses  in  the  machine;  that  is,  at  full  voltage 
at  no-load  the  total  measured  losses  were  practically  the  same 
as  without  field  charge.  This  apparently  eliminated  one  pos- 
sible source  of  loss  which  was  anticipated,  namely,  that  due  to 
the  large  open  slots  in  the  stator  pole  face,  these  slots  being  very 
wide  compared  with  the  clearance  between  the  stator  and  rotor. 

After  completion  of  this  test  the  machine  was  then  run  on 
short  circuit.  Apparently,  as  there  was  no  iron  loss  shown  in 
the  no-load  full  voltage  condition,  the  short-circuit  test  with  full- 
load  current  should  cover  all  the  losses  in  the  rotor  which  would 
be  found  with  full-load  current  at  full  voltage.  Experience 
afterward  proved  this  assumption  to  be  correct,  for  in  its  final 
f onn  the  machine  would  operate  under  practically  the  same 
condition  as  regards  temperature,  etc.,  at  full  voltage  as  it  would 
show  at  short  circuit,  carrying  the  same  current;  the  principal 
difference  being  the  temperature  of  the  field  coil. 

It  was  in  this  short-circuit  temperature  run  that  the  real 
troubles  with  the  machine  began.  The  measured  losses,  when 
running  on  short  circuit,  were  somewhat  higher  than  indicated 
by  the  resistance  between  terminals  times  the  square  of  the 
current.  These  extra  losses  were  a  function  of  the  load  and 
increased  more  rapidly  with  heavy  currents.  The  measured 
power  indicated  that  these  excess  losses  were  principally  due  to 
eddy  currents.  However,  the  total  losses  indicated  in  these 
preliminary  tests,  although  somewhat  higher  than  calculated, 
were  still  within  allowable  limits,  as  considerable  margin  had  been 
allowed  in  the  original  proportions  to  take  care  of  a  certain 
amount  of  loss.  It  was  therefore  considered  satisfactory  to  go 
ahead  with  the  short-circuit  tests,  and  in  making  these  it  was 
the  intention  to  operate  long  enough  to  determine  the  neces- 
sary running  conditions  as  regards  lubrication,  heating,  etc. 

As  mentioned  before,  the  original  collector  rings  of  the  machine 
each  consisted  of  a  base  ring  upon  which  was  mounted  a  second- 
ary or  wearing  ring,  it  being  the  intention  to  have  this  latter 


1820 


LAM  ME:   UNIPOLAR   GENERATOR 


[June  28 


ring  replaceable  after  it  was  down  to  the  lowest  permissible 
thickness,  as  it  would  be  rather  expensive  and  difficult  to  replace 
the  base  ring  which  carried  the  rotor  conductors.  As  the  inner 
ring  was  shrunk  on  the  core  and  the  outer  ring  was  shrunk  on 
over  the  base  ring,  with  a  very  small  shrinkage  allowance,  it 
was  considered  that  the  outer  ring  was  in  no  danger  of  loosening 
on  the  inner  ring,  especially  as  both  rings,  being  of  bronze,  and 
in  good  contact,  should  heat  each  other  at  about  the  same  rate. 
This  assumption,  however,  was  wrong.  The  machine  was  put 
on  short-circuit  load  of  about  8000  amperes  early  one  evening 
ajid  an  experienced  engineer  was  left  in  charge  of  it  until  about 
midnight.  Up  to  that  time  the  machine  was  working  perfectly, 
with  no  undue  heating  in  the  rings  and  no  brush  tro,uble,  although 
vaseline  lubrication  was  used.  About  midnight  the  engineer 
left  the  machine  in  charge  of  a  night  operator,  and  at  about  three 
o'clock  in  the  morning  this  operator  saw  the  brushes  beginning 
to  spark  and  this  very  rapidly  grew  worse,  so  that  in  a  very  few 
minutes  he  found  it  necessary  to  shut 


Fig.  10 


the  machine  down.  An  examination 
then  showed  that  several  of  the  outer 
rings  had  shifted  sideways  on  the  base 
ring,  as  indicated  in  Fig.  10.  One  of 
these  rings  had  even  moved  into  contact 
with  a  neighboring  ring  so  as  to  make 
a  dead  short  circuit  on  the  machine.     It 

was  also  noted  that  all  the  rings  which  loosened  were  on  one  side 
of  the  machine,  and  that  the  surfaces  of  the  rings  exposed  to 
the  brushes  were  very  badly  blistered.  The  brushes  also  were 
in  bad  shape,  indicating  that  there  had  been  excessive  burning 
for  a  short  time.  An  investigation  of  the  loose  rings  showed 
that  they  had  loosened  on  their  seats  on  the  inner  or  base  rings. 
Investigation  then  showed  that  a  temperature  rise  of  70  to  80 
deg.  cent.,  combined  with  the  high  centrifugal  stresses,  would 
allow  the  rings  to  loosen  very  materially.  It  was  then  assumed 
that  as  the  ring  had  heated  up,  bad  contact  had  resulted  be- 
tween the  inner  and  outer  rings  and  this,  in  turn,  had  caused 
additional  heating,  so  that  the  temperature  rose  rather  suddenly 
after  bad  contact  once  formed.  It  developed  later  that  this 
was  probably  not  the  true  cause  of  the  trouble,  but  at  the  time 
it  was  considered  that  the  remedy  for  the  trouble  was  in  the 
use  of  rings  which  could  be  shrunk  on  with  a  greater  tension. 
It  was  then  decided  to  try  steel  outer  rings  instead  of  bronze 
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on  the  end  where  the  bronze  rings  had  loosened.  However,  upon 
loading  the  machine,  after  applying  the  steel  rings,  a  new  diffi- 
culty was  encountered.  It  was  found  that  the  loss  was  very 
greatly  increased  over  that  with  the  bronze  rings.  This  loss 
was  so  excessive  as  to  be  prohibitive,  as  far  as  efficiency  was 
concerned,  and  also  the  tests  showed  excessive  heating  of  the 
rings  and  of  the  machine  as  a  whole.  Also,  there  were  continual 
small  sparks  from  the  tips  of  the  brushes,  these  sparks  being 
from  the  iron  itself,  as  indicated  by  their  color  and  appearance. 
However,  during  the  time  these  rings  were  operated  there  did 
not  seem  to  be  any  undue  wear  of  either  the  brushes  or  the  rings, 
but  ob\dously  there  was  continued  burning,  as  indicated  by  the 
sparks.  With  these  steel  rings  it  was  found  to  be  impossible 
to  operate  continuously  at  a  current  of  8000  amperes,  due  to 
the  heating  of  the  steel  rings  in  particular  and  everything  in 
general.  At  a  load  of  6000  amperes  the  loss  was  materially  re- 
duced and  it  was  possible  to  operate  continuously,  but  with  very 

high  temperatures.  The  tests  showed  that 
with  the  steel  rings,  at  full  rated  current,  the 
loss  was  approximately  200  kw.  greater  than 
with  the  bronze  rings,  or  about  10  per  cent 
of  the   output.     With   both   ends   equipped 

4...„jT:,  ? with  steel  rings,  this  would  have  been  prac- 

Pj^    U  ti call y  doubled. 

While  this  was  recognized  as  an  entirely 
unsatisfactory  operating  condition,  yet  it  allowed  the  machine  to 
be  run  for  a  long  enough  period  to  determine  a  number  of  other 
defects  which  did  not  develop  in  the  former  test.  One  of  these 
defects  was  an  undue  heating  of  the  rotor  pole  face.  This  was 
obviously  not  due  directly  to  bunching  of  the  flux  in  the  air  gap 
on  account  of  the  open  stator  slots,  for  this  heating  did  not  appear 
when  running  with  normal  voltage  without  load.  Further  investi- 
gation showed  that  this  was  apparently  due  to  some  flux  dis- 
torting effect  of  the  stationary  conductors  in  the  stator  slots, 
which  carried  about  4000  amperes  each  at  rated  load.  On 
account  of  ample  margin  in  the  magnetizing  coils  the  air  gap 
was  then  materially  increased,  with  some  benefit.  A  further 
improvement  resulted  in  the  use  of  magnetic  wedges,  made  of 
cast  iron,  in  place  of  the  non -magnetic  wedges  used  before. 
These  wedges  are  illustrated  in  Fig.  11.  This  produced  a  further 
beneficial  effect,  but  there  was  still  some  extra  heating  in  the 
pole  face.     Cylindrical  grooves  alternating  ^  in.  and  1  in.  deep 
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and  about  i  in.  wide,  with  a  }-in.  web  of  steel  between,  were 
then  turned  in  the  pole  face.  The  resultant  pole  face  was  there- 
fore crudely  laminated,  as  shown  in  Fig.  12.  Also,  on  account 
of  an  apparent  local  heating  of  the  metal  bridge  over  the  rotor 
slots,  a  narrow  groove  was  cut  in  the  closed  bridge  above  each 
rotor  slot,  thus  changing  it  to  a  partially  open  slot,  as  shown  in  the 
figure.  This  effectively  eliminated  the  excess  loss  in  the  rotor 
pole  face.  This,  however,  led  to  another  unexpected  difficulty, 
which  will  be  described  later. 

After  this  trouble  was  cured,  the  short-circuit  test  was  con- 
tinued with  a  current  of  about  6000  amperes.  After  a  con- 
siderable period  of  operation,  a  very  serious  difficulty  in  the 
operation  of  the  machine  began  to  show  up,  namely,  trouble 
with  lubrication.  At  first  the  lubrication  was  vaseline  fed  on 
to  the  rings  by  lubricating  pads.  This  was  apparently  very 
effective  for  awhile,  but  eventually  it  was  noted  that  slight 
sparking  began,  which,  in  some  cases,  would  increase  very 
rapidly,  and  in  a  comparatively 
short  time  became  so  bad  that 
the  rings  or  brushes  would  be- 
come badly  scored  or  blistered. 
Examination  of  the  sparking 
brushes  showed  a  coating  of  black 
"  smudge  "  over  the  surface  which 
seemed  to  have  more  or  less  in- 
sulating qualities.  A  series  of  t'^sts  then  showed  that  when- 
ever sparking  began,  the  contact  drop  between  a  brush  and  the 
collector  ring  was  fairly  high  and  this  drop  increased  as  the  spark- 
ing increased.  For  instance,  it  was  found  that  on  good,  clean 
surfaces,  the  voltage  drop  between  the  brushes  and  the  ring 
might  be  0.3  to  0.5  volt.  As  each  brush  carried  about  250 
amperes  at  full  load,  this  represented  75  to  125  watts  per 
brush.  When  this  contact  resistance  rose  to  about  one  volt, 
noticeable  sparking  would  begin,  the  watts  being,  of  course, 
proportionally  higher,  and  when- the  contact  drop  became  as  high 
as  two  volts,  representing  about  500  watts  per  brush,  very  bad 
burning  of  the  brushes  and  rings  was  liable  to  occur.  A  series 
of  tests  then  showed  that  vaseline,  or  any  other  lubricating  oil, 
would  tend  to  fonn  a  coating  over  the  brush  contact  and  this 
coating  would  gradually  burn,  or  be  acted  upon  otherwise  by 
the  current,  so  that  its  resistance  increased  and  the  black 
smudge  was  formed  which  had  more  or  less  insulating  qualities. 
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A  great  number  of  tests  was  then  carried  out  with  various 
kinds  of  lubricants  and  it  was  found  that  anything  of  an  oil 
or  grease  nattire  was  troublesome  sooner  or  later,  as  the  smudge 
was  formed  on  the  brush  contact.  Then  graphite,  formed  into 
cakes  or  brushes  by  means  of  high  pressure,  was  tried  on  the  rings 
and  the  results  were  very  favorable  compared  with  anything 
used  before.  In  fact,  the  tests  indicated  that  soft  graphite 
blocks  or  brushes  could  furnish  proper  lubrication  for  the  rings. 
The  graphite  is  a  conducting  material,  and  a  coating  of  it  on 
the  brush  contact  does  not  materially  increase  the  resistance 
of  the  contact.  This  was  supposed  to  have  practically  settled 
the  question  of  lubrication  and  brush  contact  trouble,  but  ex- 
perience later  gave  an  entirely  new  turn  to  this  matter. 

While  these  tests  were  being  carried  on,  a  study  of  the  ventila- 
tion of  the  machine  was  being  made.  The  tests  indicated  that 
the  end  rings,  that  is,  those  next  to  the  exciting  coils,  were  con- 
siderably cooler  than  those  near  the  center  of  the  machine. 
However,  as  there  were  excessive  losses  and  heating  in  the  steel 
rings  themselves,  it  was  not  possible  to  make  any  material  im- 
provement until  the  rings  were  changed. 

The  steel  rings  at  one  eijd  of  the  rotor,  and  the  bronze  rings 
at  the  other  end,  were  then  removed  and  a  second  set  of  bronze 
rings  was  tried.  These  rings  were  specially  treated  in  the  manu- 
facture so  that  the  elastic  limit  was  very  high,  and  they  were 
put  on  much  tighter  than  in  the  former  case.  The  load  tests 
were  then  continued  and  the  excess  losses  were  again  measured 
at  various  loads.  It  was  found  that  the  losses  were  very  small 
compared  with  those  of  the  steel  rings,  thus  verifying  the  former 
results.  The  temperatures  of  the  rings  were  much  lower  than 
with  the  steel,  but  it  was  found  that  the  heating  of  the  rings  was 
unequal.  It  was  finally  determined  that  this  unequal  heating  was 
due  to  the  large  external  blowers  which  were  driving  the  air  over 
the  rings  in  such  a  way  as  to  heat  those  next  to  the  center  of  the 
rotor  to  a  much  higher  temperature  than  those  at  the  outer 
ends.  It  was  assumed  at  first  that  the  air  entering  the  axial 
holes  through  the  core  and  blowing  out  between  the  rings  as 
shown  in  Fig.  1,  was  more  effective  on  the  outer  rings,  and  that 
this  possibly  caused  the  difference  in  temperatures.  However, 
the  radial  holes  at  the  outer  ends  were  closed,  and  this  made 
but  little  difference.  The  axial  holes  were  then  closed,  and 
while  the  temperatures  of  the  rings,  as  a  whole,  were  increased, 
about  the  same  difference  as  before  was  found  between  the  etvd 
rings  and  the  center  ones. 
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It  was  then  decided  to  remove  the  two  large  blowers  to  de- 
termine whether  some  other  method  of  ventilation  would  be 
more  effective.  When  this  chaiige  was  made,  the  windage  of 
the  machine  was  greatly  reduced  and  there  was  greater  uni- 
formity in  the  temperatiu-es,  and  the  average  temperature  of 
the  rings  was  only  about  10  deg.  higher  than  with  the  fans.  More- 
over, the  windage  loss  was  only  about  one-seventh  as  great  as 
before,  although  the  average  temperature  rise  was  not  much 
higher,  which  indicated  that  the  ventilation  through  the  rotor 
holes  was  much  more  effective  than  that  due  to  the  blowers. 
In  consequence,  it  was  decided  to  increase  the  size  of  the  axial 
holes  through  the  rotor  core  from  2f  in.  to  SJ  in.  diameter,  and 
to  "  bell-mouth  "  them  at  their  openings  at  the  ends,  in  order 
to  give  a  freer  admission  of  air  to  the  holes.  When  this  was  done 
it  was  foimd  that  the  temperattu'es  of  the  rings  were  lower  than 
in  any  of  the  preceding  tests,  and  moreover,  they  were  fairly 
uniform.  Also,  after  the  removal  of  the  blowers,  the  objection- 
able noise,  already  referred  to,  was  largely  eliminated,  so  that  it 
was  not  disagreeable  to  work  around  the  machine.  The  graphite 
lubrication  was  continued  with  the  bronze  rings,  on  this  test, 
and  no  difficulty  was  encountered,  although  the  machine  was 
operated  for  very  considerable  periods  at  approximately  8000 
amperes. 

On  the  basis  of  these  tests,  the  machine  was  shipped  to  its 
destination  and  put  in  service.  Then  the  real  difficulties  began — 
difficulties  which  were  not  encountered  in  the  shop  tests,  princi- 
pally because  the  conditions  under  which  the  machine  operated 
in  service  were  radically  different  from  those  at  the  shop,  and 
also,  because  the  shop  test  had  not  been  continued  long  enough. 
This  machine  was  operated  in  service,  although  not  regularly, 
for  a  period  of  about  two  months,  being  shut  down  at  times  due 
to  difficulties  outside  of  the  generating  unit  itself.  However, 
this  period  of  operation  of  the  generator  was  suddenly  ended 
by  the  stretching  of  one  of  the  outer  collector  rings,  which 
loosened  it  to  such  an  extent  that  it  ceased  to  rotate  with  the 
inner  ring.  This  required  the  return  of  the  rotor  to  the  manu- 
facturer. 

This  two  months'  operation  gave  data  of  great  practical 
value,  and  in  consequence,  a  number  of  minor  difficulties  were 
eliminated  in  the  repaired  rotor. 

Upon  the  return  of  the  rotor  to  the  shop,  an  examination  of  the 
collector  rings  showed  that  the  separate  shrunk-on  type  of  ring 
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was  not  practicable  with  any  design  of  ring  then  at  hand.  There- 
fore, it  was  decided  to  make  the  collector  rings  in  one  solid  piece 
with  a  very  considerable  wearing  depth.  This  necessitated 
the  removal  of  all  the  base  rings  and,  in  fact,  it  required  a  com- 
plete dismantling  of  the  entire  rotor  winding.  As  the  outer  ring 
had  loosened,  there  was  a  possibility  of  the  base  rings  loosening 
in  the  same  way,  and  therefore  it  was  considered  necessary  to 
apply  some  scheme  for  preventing  this  loosening  in  case  of  sudden 
heating  and  expansion  of  any  of  the  collector  rings.  It  was  then 
decided  to  apply  some  form  of  spring  support  underneath  these 
rings,  which  could  follow  up  any  expansion  in  such  a  way  as  to 
keep  the  rings  tight  under  any  temperature  conditions  liable  to 
be  met  with  in  practise.  The  spring  support  used  consisted  of 
a  number  of  flat  steel  plates  arranged  around  the  rotor  core,  as 
indicated  in  Fig.  13.  These  plates  were  of  such  length  and  stiflE- 
ness  that  a  very  high  pressure  was  required  to  bend  them  down  to 

conform  with  the  rotor  surface. 
These  plates  were  arranged 
around  the  rotor  core  and  drawn 
down  with  clamp  rings  until 
they  fitted  tightly  against  the 
mica.  The  collector  ring  was 
highly  heated  and  slipped  over 
the  springs,  the  clamps  being 
removed  as  the  r«ng  was  slipped 
on.  Tests  were  made  to  find 
at  what  temperature  such  a  ring  would  loosen.  While  the  best 
arrangement  without  springs  would  loosen  at  about  100  to  125 
deg.  cent.,  it  was  found  that  a  ring  supported  in  the  above 
manner  was  still  fairly  tight  at  180  deg.  cent.,  which  was  far 
above  any  temperature  which  the  machine  would  attain  under 
any  condition.  It  may  be  said  here  that,  after  several  yeaj's' 
operation,  this  construction  still  appears  to  be  first-class,  and 
no  loosening  of  any  sort  has  occurred. 

In  removing  the  winding  from  the  rotor,  it  was  discovered 
that  the  insulating  tubes  over  the  rotor  conductors  had  traveled 
back  and  forth  along  the  rods  a  certain  amount.  This  travel, 
if  continued  for  a  long  enough  period,  would  apparently  have 
injured  the  insulation,  although  no  trouble  had  yet  developed. 
Apparently,  during  heating  and  cooling,  the  expansion  and  con- 
traction of  the  rods  would  carry  the  tubes  with  them  lengthwise 
a  very  small  amount.     The  tubes  would  then  seat  themselves  in 


Fig.   13 
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the  supporting  rings  or  core  and  would  not  return  to  their  original 
positions.  It  was  fotmd  that  in  the  slotted  pole  face  already 
described,  the  webs  or  laminations  of  metal  overhanging  the 
rotor  dots  would  hold  the  tube  when  the  rod  was  traveling  in 
one  direction,  but  would  sometimes  allow  the  tube  to  move 
slightly  when  the  rod  traveled  in  the  other  direction,  so  that 
there  was  a  sort  of  extremely  slow  ratchet  action  taking  place. 
It  was  evidently  necessar}'  to  have  the  tubes  fit  rather  tightly 
in  the  retaining  or  supporting  holes  in  the  rings  and  the  core,  and 
to  have  the  rods  fit  rather  loosely  in  the  tubes.  Also,  it  ap- 
peared that  shellac  or  other  "  gummy  "  material  on  the  inner 
surface  of  the  insulating  tubes  was  harmful,  for  wherever  shellac 
was  present  the  insulating  tube  always  stuck  to  the  rod  and 
wotdd  tear  at  either  side  of  such  place.  In  consequence,  the 
new  set  of  tubes  was  made  with  a  drv,  hard  finish  on  both  the 
outside  and  the  inside,  and  the  inside  surface  was  also  paraf- 


Fig.  14 

fined.  This,  when  carried  out  properly,  ser\'ed  to  remedy  this 
trouble. 

The  reconstructed  rotor,  with  the  solid  collector  rings,  was 
shipped  to  the  customer  and  the  ser\'ice  was  continued.  After 
operation  for  a  considerable  time,  certain  extremely  serious  dif- 
ficulties appeared.  One  of  these  was  brush  trouble,  and  another 
was  undue  wear  of  the  rings. 

The  brush  trouble  was  a  most  discouraging  one.  The  machine 
was  located  in  an  engine  room  adjacent  to  a  rock-crushing  build- 
ing. Fine  dust  was  always  floating  around  the  machine  and 
this  dust,  continuously  passing  through  the  machine,  tended  to 
form  a  deposit  immediately  behind  the  brushes,  as  shown  in  Fig. 
14.  This  dust  packed  in  rather  solidly  behind  the  brush,  due  to 
the  high  speed  of  the  rings,  and  eventually  it  tended  to  lift  the 
brushes  away  from  the  rings.  It  also  showed  a  tendency  to  get 
under  the  brush  contact,  with  consequent  increased  resistance 
of  contact.     Frequent  removal  and  cleaning  of  the  brushes  was 
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impracticable,  as  they  were  not  sufficiently  accessible  to  do 
this  readily.  This  rock  dust,  packed  behind  the  brushes, 
also  had  a  scouring  or  grinding  action  on  the  rings  themselves. 
Accompanying  this  was  an  undue  rate  of  wear  of  the  rir  gs.  This, 
however,  was  not  entirely  mechanical  wear,  as  it  appeared  also 
to  be  dependent  upon  the  current  carried  and  was,  to  some  ex- 
tent, due  to  a  burning  action  under  the  brush  which  tended  to 
eat  away  the  surface  of  the  rings.  However,  while  the  undue 
wear  was  not  altogether  due  to  dust  back  of  the  brushes, 
this  accumulation  of  dust  appeared  to  have  a  very  harmful 
action  on  the  machine.  Various  methods  were  considered  for 
overcoming  this  collection  of  dust,  one  of  which  consisted  of 
enclosed  a'r  inlets  to  the  machine,  fitted  with  screens  for  sifting 
out  the  dust.  This  lessened  the  trouble  to  some  extent,  but 
it  was  evident  that  it  would  not  cure  it  entirely,  as  the  entire 
machine  was  so  located  that  dust  could  come  in  around  the  brush 
holders  without  going  through  the  ventilating  channels. 

The  method  finally  adopted  for  overcoming  the  difficulty  of 
accumulation  of  dirt  was  rather  startling.  It  was  casually  sug- 
gested that  the  copper  leaf  brushes  be  turned  around  so  that 
the  rings  would  run  against  the  brushes,  so  that  the  dirt  or  dust 
over  the  rings  would  be  ''  skimmed  off  '*  by  the  forward  edge  of 
the  brushes.  This  obviously  would  prevent  the  collection  of 
dirt,  but  the  question  of  running  thin  leaf  copper  brushes  on 
a  collector  ring  operated  at  a  speed  of  about  220  feet  per  second 
(or  13,200  feet  per  minute)  looked  like  an  abstirdity  to  any  one 
with  experience  in  electrical  machinery,  so  that  we  all  hesitated 
at  first  to  consider  the  possibility  of  it.  However,  as  something 
had  to  be  done,  the  writer  suggested  to  the  engineer  in  charge 
that  he  change  the  brushes  on  one  of  the  rings  so  that  they  would 
be  inclined  against  the  direction  of  rotation.  This  gave  no 
trouble  and  the  other  brushes  were  then  changed  to  the  same 
direction  and  the  operation  ever  since  has  been  carried  on  with 
this  arrangement.  To  the  writer  this  has  always  seemed  an 
almost  unbelievable  condition  of  operation,  but  as  there  has 
not  been  a  single  case  of  trouble  from  this  arrangement  during 
several  years  of  operation,  one  is  forced  to  believe  that  it  is  all 
right.  This  change  entirely  overcame  the  trouble  from  accumu- 
lation of  dirt.  However,  it  did  not  entirely  cure  the  burning  of 
the  brushes  and  rings  above  described,  but  rendered  the  matter 
of  lubrication  somewhat  easier  than  at  first. 

As  to  the  other  serious  trouble,  it  was  mentioned  that  there 
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was  a  burning  action  under  the  brushes  which  tended  to  '*  eat  " 
or  "  wear  "  away  the  surface  of  the  rings.  This  also  tended  to 
bum  away  the  brush  surfaces,  the  amount  of  burning  in  either 
case  depending,  to  a  considerable  extent,  upon  the  direction 
of  the  current.  At  one  side  of  the  machine  the  brushes 
would  wear  more  rapidly,  while  at  the  other  side  the  rings 
would  wear  faster.  The  polarity  of  the  current  was  influential 
in  this  action.  Particles  of  the  metal  appeared  to  travel  in 
the  direction  of  the  current;  that  is,  where  the  current  was  from 
the  ring  to  the  brushes,  the  ring  would  wear  more  rapidly, 
and  the  brush  would  show  but  little  wear,  while  at  the  other 
end  of  the  machine,  the  opposite  effect  would  be  found.  How- 
ever, the  particles  of  metal  taken  from  the  ring  did  not  deposit, 
or  "  build  up,"  on  the  brushes. 

During  all  this  operation,  graphite  had  been  used  for  lubri- 
cation. In  the  earlier  stages,  powdered  graphite,  compressed 
into  blocks,  had  been  used.  Later  it  was  found  that  very  soft 
graphite  brushes  in  insulated  holders  would  give  ample  lubri- 
cation for  the  rings.  However,  even  with  this  lubrication  and 
the  removal  of  the  dirt  trouble,  there  was  still  an  appreciable 
burning  of  the  brushes  and  rings  as  indicated  by  the  more  rapid 
wear  of  the  rings  at  one  end  of  the  rotor,  and  of  the  brushes  at 
the  other  end.  Extended  tests  showed  that  this  burning  was 
a  function  of  the  contact  drop  between  the  brushes  and  the  rings. 
Neither  the  rings  nor  the  brushes  would  bum  appreciably  if 
the  contact  drop  between  the  brushes  and  the  ring  could  be  kept 
very  low.  When  this  drop  became  relatively  high  (about  one 
volt),  the  rings  or  brushes  would  show  an  undue  rate  of  wear.  It 
was  found  also  that,  after  a  considerable  period  of  operation, 
it  was  very  difficult  to  obta'n  a  low  brush  contact  drop,  as  the 
brush  wearing  surface  became  coated  with  a  sort  of  ''  smudge," 
which  seemed  to  have  resisting  qualities.  An  analysis  of  this 
coating  showed  a  very  considerable  amount  of  zinc  in  it,  and 
it  was  determined  that  the  zinc  in  the  collector  rings  was  burning 
out  and  forming  an  insulating  coating  on  the  brush  contacts. 
The  remedy  for  this  condition  was  the  application  of  some  clean- 
ing agent  which  would  chemically  act  on  the  smudge  and  dis- 
solve it  or  destroy  its  insulating  qualities.  The  right  material  for 
this  piirpose  was  found  to  be  a  weak  solution  of  muriatic  acid — 
about  4  per  cent  in  water.  Whjn  this  was  applied  to  the  rings  by 
means  of  a  **  wiper,"  at  intervals,  the  brush  contact  drop  could  be 
reduced  to  a  very  low  figure —  frequently  to  0.1  or  0.2  of  a  volt- 
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and  the  rings  would  take  on  a  very  bright  polish.  Also,  while 
this  low  contact  drop  was  maintained  it  was  found  that  the  rings 
showed  an  almost  inappreciable  rate,  of  wear.  However,  one 
set  of  rings  continued  to  wear  somewhat  faster  than  the  other. 
This  difficulty  of  unequal  wear  of  the  two  sets  of  rings  was  over- 
come by  arranging  a  switch  so  that  the  polarity  of  the  two  ends 
of  the  machine  could  be  changed  occasionally. 

The  temperature  of  the  machine  was  reduced  by  the  above 
treatment  of  the  rings.  Obviously,  part  of  the  heat  was  due  to 
the  loss  at  the  brush  contacts,  which,  of  course,  was  reduced 
directly  as  the  contact  drop  was  reduced. 

The  machine  was  now  running  quite  decently  with  compara- 
tively heavy  loads,  from  7000  to  10,000  amperes,  and  the  only 
trouble  was  in  several  minor  difficulties  which  were  then  taken 
up,  one  at  a  time,  in  order  to  ascertain  a  suitable  remedy. 
These  difficulties,  however,  were  not  interfering  with  the  regular 
operation  of  the  machine. 

One  of  the  difficulties  which  finally  developed  was  due  to 
stray  magnetic  fluxes  through  the  bearings.  These  fluxes,  pass- 
ing out  through  the  shaft  to  the  shell  of  the  bearing,  consti- 
tuted, in  themselves,  the  elements  of  a  small  unipolar  machine, 
of  which  the  bearing  metal  served  as  collecting  brushes.  The 
e.m.f .  generated  in  the  shaft  was  a  maximum  across  the  two  ends 
of  the  bearino^.  Consequently  the  current  collected  from  the 
shaft  by  the  bearing  metal  should  have  been  greatest  near  the 
ends  of  the  bearing,  and  least  at  the  center.  This  was  the  case 
as  indicated  by  the  appearance  of  the  bearing  itself,  which 
showed  evidence  of  pitting  near  the  ends  but  none  at  the  center. 

To  remedy  this  trouble,  a  small  demagnetizing  coil  was  placed 
outside  the  stator  frame,  at  each  end  of  the  rotor,  between  the 
rotor  core  and  the  bearings.  These  coils  were  excited  by  direct 
current  which  was  adjusted  in  value  until  practically  zero  e.m.f. 
was  indicated  on  the  shaft  at  the  two  ends  of  each  bearing.  This 
indicated  that  the  unipolar  action  was  practically  eliminated. 
This  arrangement  has  been  in  use  ever  since  it  was  installed,  and 
no  more  trouble  of  any  sort  has  been  encountered  from  local 
currents  in  the  bearings  or  elsewhere. 

Some  of  the  brushes  did  not  show  as  good  wearing  qualities 
as  desired  and  various  experiments  were  made  with  different 
combinations  of  materials  and  various  thicknesses  and  arrange- 
ment of  the  brush  laminae.  Brass  leaf  brushes  were  tried;  also, 
mixtures  of  copp^T,  brass,  aliuniniun  and  various  other  leaf  metals 
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in  combination.  None  of  these  gave  any  better  results  than  the 
thin  copper  leaf  brush.  The  tests  finally  showed  tha'  such  a  brush, 
very  soft  and  flexible,  with  a  suitable  spring  tension,  would 
give  very  satisfactory  results.  Also,  instead  of  two  brushes 
side  by  side,  a  single  brush,  covering  the  full  width  of  a  ring,  was 
found  to  be  more  satisfactory.  Some  tests  were  also  made  with 
carbon  brushes,  consisting  of  a  combination  of  carbon  or  graphite 
combined  with  some  metal,  such  as  copper,  in  a  finely  divided 
state.  These  brushes  were  claimed  to  have  a  very  high  carr^dng 
capacity  and  also  to  have  a  certain  amount  of  self-lubrication. 
A  set  of  these  brushes  was  tried  on  one  of  the  rings,  but  lasted 
only  for  a  very  short  time.  The  apparent  wear  was  rapid,  but 
it  is  not  known  whether  this  was  due  to  the  very  high  speed  of  the 
collector  rings,  or  rapid  burning  away  of  the  brush  or  the  inability 
of  this  type  of  brush  to  follow  quickly  any  inequalities  of  the 
collector  rings.  This  test  was  abandoned  in  a  comparatively 
short  time. 

After  getting  rid  of  the  old  troubles,  a  new  and  imexpected  one 
had  to  appear.  For  some  unknown  reason,  the  insulating  tubes 
on  the  rotor  conductors  began  to  break  down;  also  grounds  oc- 
curred between  the  collector  rings  and  the  core. 

On  account  of  the  delay  required  in  making  any  changes  in 
the  rings  or  rotor  winding,  the  customer  arranged  with  the 
manufacttirer  to  have  a  new  rotor  built  as  a  reserve,  as  it  was 
obvious  that  sooner  or  later  there  would  have  to  be  considerable 
reconstruction  of  the  insulation  on  the  first  rotor  due  to  unex- 
plained short  circuits  and  grounds.  A  new  rotor  was  at  once 
constructed,  embodying  all  the  good  features  of  the  first  rotor, 
with  some  supposedly  minor  improvements.  The  old  rotor  was 
then  removed  for  investigation  and  repairs.  The  cause  of  the 
breakdowns  of  the  insulation  on  the  tubes  was  then  discovered. 
The  air  entering  through  the  axial  rotor  holes  and  passing  out 
through  the  radial  holes  between  the  rings,  carried  fine  particles 
of  cement  or  crushed  stone  dust  and  this  had  '*  sand-blasted  '' 
the  under  side  of  the  tubes.  When  the  rotor  had  been  operated 
during  the  preliminary  two  months'  period,  previously  described, 
before  the  replacement  of  the  rings,  no  evidence  of  this  sand- 
blasting had  been  visible.  Investigation  showed  that  the  in- 
sulating tubes  in  the  former  winding  had  been  made  with  a  fuller- 
board  base,  which  is  rather  soft  and  fibrous  in  its  construction. 
The  tubes  on  the  second  winding  had  been  made  with  "  fish 
paper  *'  instead  of  fuUerboard,  in  order  to  give  a  hard  finish  on  the 
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inside  and  outside.  It  was  due  to  this  hard  material  that  the 
troubles  from  sand  blasting  occurred.  However,  fish  paper 
tubes  were  superior  to  the  fullerboard  in  strength  and  other 
qualities,  and  as  they  were  inferior  only  in  this  one  character- 
istic, they  were  used  again  in  rewinding  the  rotor,  but  where- 
evcr  the  tubes  were  exposed  in  passing  from  one  ring  to  the  next, 
they  were  taped  over  with  several  layers  of  soft  tape  which  was 
also  sewed.  This  gave  a  soft  finish  which  would  resist  sand- 
blasting, and  no  trouble  from  this  source  has  occurred  for  several 
years. 

From  the  breakdowns  to  ground,  it  was  evident  that  an  entire 
replacement  of  the  rings  was  necessary  in  order  to  repair  the 
mica  bush  or  sleeve  lying  beneath  the  rings.  This  required 
the  removal  of  the  entire  rotor  winding  and  rings.  It  was  found 
that  cement  dust  coming  up  through  the  radial  holes  had  sifted 

in  through  various  crevices  or  openings 
around  the  holes  and  that,  finally,  con- 
ducting surfaces  and  paths  were  formed 
which  allowed  the  current  to  leak  to 
ground  sufficient  to  bum  the  insulation 
eventually.  Therefore,  when  replacing 
the  mica  sleeve  over  the  rotor,  extra  care 
was  taken  to  fit  insulating  bushings  at 
the  tops  of  the  radial  holes  in  such  a 
way  as  to  seal  or  close  all  joints,  thus 
allowing  no  leakage  paths  between 
collector  rings  and  the  body  of  the  core.  This  is  shown  in  Fig.  15. 
No  further  trouble  has  occurred  at  this  point. 

In  removing  the  collector  rings  for  these  repairs,  it  was  found 
that  the  flat  spring  supports  shown  in  Fig.  13  had  been  entirely 
effective  and  there  was  no  evidence  whatever  of  any  disturbance 
of  the  rings  on  the  core,  and  there  was  no  injury  to  the  mica, 
such  as  would  be  shown  by  any  sUght  movement.  The  rings 
were  also  very  tight  so  that  it  took  a  very  considerable  temper- 
ature to  loosen  them  sufficiently  for  removal. 

In  view  of  the  delay  and  expense  of  repairing  one  of  these 
rotors  when  the  collector  rings  had  to  be  removed,  with  the  pos- 
sibility of  damaging  the  insulating  tubes  oyer  the  conductors, 
and  the  insulating  bush  over  the  core,  it  was  then  decided  that 
a  movable  wearing  ring  was  practically  necessary  in  order  to 
make  this  machine  a  permanent  success.  Therefore,  the 
problem  of  a  separate  outside  wearing  ring,  as  originally  con- 
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templated,  was  again  taken  up.  The  difficulty,  already  de- 
scribed, of  the  zinc  burning  from  the  rings  and  forming  a  coating 
on  the  brushes,  indicated  that  some  other  material,  without 
such  a  large  percentage  of  zinc,  should  give  better  results.  The 
difficulty  was  to  obtain  such  a  material,  with  suitable  charac- 
teristics otherwise.  All  data  at  hand  showed  that  rings  with 
desirable  characteristics  electrically,  did  not  have  the  proper 
elastic  limits,  or  proper  expansion  properties  when  heated.  In 
other  words,  when  such  rings  were  shrunk  on  the  base  or  sup- 
porting ring  they  would  stretch  to  such  an  extent,  when  cooled, 
that  they  would  become  loose  again  with  very  moderate  in- 
crease in  temperature.  The  solution  of  this  problem  of  a  separate 
ring  construction  was  found  in  the  use  of  some  spring  arrange- 
ment underneath  the  outer  ring  which  would  still  keep  it  tight 
on  the  inner  ring  even  when  hot.     The  spring  arrangement 
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used  under  the  inner  rings,  as  shown  in  Fig.  13,  was  then  applied 
with  certain  modifications.  In  order  to  get  good  contact  be- 
tween the  inner  and  outer  rings  for  carrying  the  current,  each 
of  these  steel  springs  or  plates  was  covered  by  a  thin  sheet  of 
copper  as  shown  in  Fig.  16.  While  each  copper  she.t  was  of 
comparatively  small  section,  the  large  number  of  springs  used 
gave  sufficient  total  copper  to  carry  the  current  from  the  outer 
to  the  inner  or  base  ring  without  any  danger  of  current  passing 
through  the  spring  plates  themselves.  This  arrangement  was 
used  in  reconstructing  this  rotor  and  has  proved  entirely 
successful. 

In  order  to  determine  the  effects  of  various  materials  without 
zinc,  or  with  but  a  small  quantity  of  it,  rev^cral  rings  were 
fitted  up  on  a  test  rig  and  were  operated  for  long  periods  with 
currents  up  to  12,000  amperes  in  some  cases.     In  these    tests. 
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four  different  kinds  of  material  were  used,  all  of  them  representing 
different  mixtures  of  copper  with  a  small  percentage  of  other 
materials,  but  with  little  zinc  in  any  of  them.  It  was  feared 
that  copper  brushes  on  the  copper  rings  would  not  work  satisfac- 
torily, but  while  there  was  apparently  some  difference  between 
the  action  of  the  different  rings,  it  was  found  that  copper  brushes 
running  on  copper  were,  in  general,  satisfactory.  The  brushes 
were  inclined  against  the  rings,  as  in  the  actual  machine, 
during  this  series  of  tests. 

These  tests  were  carried  through  with  various  numbers  of 
brushes,  etc.  It  was  found  that  the  number  of  brushes  could 
be  reduced  to  about  one-third  the  full  number,  and  still  collect 
the  total  rated  current,  but  that  any  great  reduction  from  the  full 
number  of  brushes  made  the  operation  of  the  rings  and  brushes 
more  sensitive,  and  more  attention  was  required  to  keep  them 
in  perfect  condition.  It  was  also  found  that  any  hardness  or 
undue  '*  springiness  '*  in  the  brushes,  or  brush  material,  would 
tend  to  give  increased  wear.  Brushes  of  very  thin  leaf  copper 
eventually  gave  best  results.  It  was  also  shown  by  these  tests 
that  if  a  very  good  polish  could  be  maintained  on  the  rings, 
the  rate  of  wear  from  day  to  day  was  practically  unmeasurable 
on  account  of  its  smallness. 

As  a  result  of  these  ring  tests,  the  rotor  undergoing  repair 
was  equipped  with  outside  copper  wearing  rings,  spring-sup- 
ported. The  material  in  the  rings  was  about  92  per  cent  pure 
copper,  2  per  cent  zinc  and  6  per  cent  tin. 

The  rotor  was  then  installed  in  service  and  has  been  operating 
steadily  for  several  years,  with  entire  success.  The  other  rotor, 
which  had  been  operating  while  this  rotor  was  being  repaired, 
was  then  thoroughly  examined  after  removal,  to  determine  any 
possible  defects.  It  was  noted  that  the  insulating  tubes  over 
the  rotor  conductors  were  badly  cracked  or  buckled  in  a  number 
of  places.  Upon  removal  of  the  rods  or  conductors  it  was  foimd 
that  the  insulating  tubes  were  stuck  so  tightly  to  the  copper 
rods  that  they  would  be  torn  in  pieces  in  trying  to  remove  them. 
As  it  had  been  intended  that  these  tubes  should  move  freely 
on  the  rods  or  conductors,  as  previously  described,  it  was  evident 
that  there  was  something  radically  wrong.  The  true  cause 
of  the  trouble  was  then  discovered.  In  first  fitting  this  set  of 
tubes  over  the  rods,  they  had  been  too  tight,  and,  in 
order  to  make  them  fit  easily,  the  men  who  assembled 
the    machine    had    reamed    them    on    the    inside    to    enlarge 
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them,  and,  in  doing  so,  had  cut  away  the  inner  hard  sheet  of 
fish  paper  which  had  formed  the  lining,  thus  exposing  a  shellaced 
surface.  As  soon  as  heated,  this  shellac  stuck  the  tube  to  the 
rod  so  that  there  could  be  no  possible  movement  between  the 
two.  In  consequence,  when  the  rods  expanded  or  contracted, 
the  tubes  moved  backward  and  forward  in  the  supporting  holes, 
and  wherever  they  stuck  fast  in  the  outer  holes,  something  had 
to  give,  so  that  eventually  the  tubes  buckled  or  cracked  or  pulled 
open.  This  was  readily  remedied  by  putting  on  new  tubes  prop- 
erly constructed.  As  the  rings  on  this  rotor  were  in  very  good 
condition  with  but  little  worn  away,  the  removable  type  of 
ring  was  not  added,  as  this  would  require  turning  off  a  large 
amoimt  of  effective  material  on  the  existing  rings  and  replacing 
it  with  new  outer  rings.  It  was  decided  that  as  there  was  several 
years'  wear  in  the  old  rings,  it  would  be  of  no  material  advantage 
to  throw  this  away  when  it  could  be  worn  away  in  service, 
just  as  well  as  it  could  be  turned  off  in  a  lathe.  After  the  rings 
in  this  machine  are  worn  down  the  permissible  depth,  they  will 
be  refilled  by  the  addition  of  the  removable  type. 

This  unipolar  generator  has  now  been  in  service  for  quite 
a  long  period,  with  no  difficulty  whatever,  and  with  an  average 
ring  wear  of  less  than  0.001  in.  per  day,  or  less  than  f  in.  per 
year.  This  may  seem  like  an  undue  rate  of  wear;  but  in  reality 
it  is  an  extremely  low  rate,  if  the  high  peripheral  speed,  and  the 
number  of  brushes,  are  considered.  This  machine  operates 
day  and  night,  seven  days  in  the  week,  and  practically  contin- 
uously during  the  entire  year.  Taking  the  peripheral  speed 
into  account,  the  above  rate  of  wear  represents  a  total  travel 
of  each  ring  of  about  3.6  million  miles  for  each  inch  depth  of  wear, 
or  about  150  times  around  the  earth  along  a  great  circle.  Con- 
sidering that  there  are  brushes  bearing  on  each  ring  at  intervals 
of  about  eight  in.,  a  wear  of  one  in.,  for  every  3.6  million  miles 
traveled,  does  not  seem  unduly  large.  If,  at  the  same  time,  it 
is  considered  that  the  brushes  aro  collecting  from  7500  to  10,000 
amperes  from  each  ring  on  a  total  ring  surface  of  about  3^  in. 
wide  by  42  in.  diameter,  it  is  not  surprising  that  there  should 
be  more  or  less  **  wear  '*  due  to  the  collection  of  this  current. 
In  fact,  the  current  collected  averages  from  16  to  20  amperes 
per  square  inch  of  the  total  ring  wearing  surface.  Thi?  may  be 
compared  with  standard  practi  "e  with  large  d-c.  commutators, 
in  which  IJ  to  2  amperes  per  square  inch  of  commutator  face 
is  usual  and  3  amperes  is  extreme. 
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On  account  of  the  final  success  of  this  machine,  the  story  of 
its  development  is  a  more  pleasant  one  to  tell  than  is  the  case 
in  some  instances  where  entirely  new  types  of  apparatus  are 
undertaken.  It  might  be  said,  after  reviewing  the  foregoing 
description,  that  many  of  "the  troubles  encountered  with  this 
machine  could  have  been  foreseen;  but  such  a  statement  would 
be  open  to  question,  for  the  engineers  of  the  mantifacturing 
company  were  in  frequent  session  on  all  the  various  phases  and 
difficulties  which  developed.  The  writer  knows  that  in  many 
cases,  after  any  individual  trouble  was  known,  suggestions  for 
remedies  were  not  readily  forthcoming.  The  writer  does  not 
know  of  any  individual  machine  where  more  engineering  and 
mantifacturing  skill  was  expended  in  endeavoring  to  bring  about 
success,  than  was  the  case  with  this  machine.  As  an  example 
of  engineering  pertinacity,  this  machine  is  possibly  without  a 
rival.  A  mere  telling  of  the  story  cannot  give  more  than  a 
slight  idea  of  the  actual  fight  to  overcome  the  various  difficulties 
encountered  in  the  development  of  this  machine. 

The  results  obtained  were  valuable  in  many  ways.  Many 
data  were  obtained  which  have  since  been  of  great  use,  both  from 
a  theoretical  as  well  as  a  practical  standpoint,  in  other  classes 
of  apparatus.  Certain  fundamental  conditions  encountered  in 
this  machine  have  led  to  the  study  of  other  allied  principles 
which  point  toward  possibilities  in  other  lines  of  endeavor. 
Therefore  this  machine,  which  was  very  costly  in  its  develop- 
ment, may  eventually  pay  for  itself  through  improvements  and 
developments  in  other  lines  of  design. 

The  writer  wishes  to  say  a  good  word  for  the  purchaser  of  this 
new  apparatus.  He  was  long-suffering,  and  was  undoubtedly 
put  to  more  or  less  trouble  and  inconvenience,  but  nevertheless 
he  gave  opportunity  to  correct  difficulties.  He  recognized  that 
the  engineers  were  confronted  with  a  new  problem  in  this  ma- 
chine  and  he  gave  them  an  opportunity  to  carry  it  through  to 
success.  Apparatus  of  this  type  could  only  be  developed  to 
full  success  in  commerical  operation,  as  all  the  difficulties  en- 
countered would  never  have  been  found  on  shop  test.  There- 
fore, the  attitude  of  the  customer  was  of  prime  importance  in 
the  development  of  such  a  machine. 
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Discussion  on  "  Development  of  a  Successful  Direct- 
Current  2000- KW.  Unipolar  Generator'*'  (Lamme), 
Boston,  Mass.,  June  28,  1912. 

J.  E.  Noeggerath:  It  is  a  great  pleasure  indeed  to  congratu- 
late Mr.  Lamme  upon  his  frank  and  exceedingly  important 
paper  on  acyclic  machines,  and  to  comment  on  it,  as,  naturally, 
having  been  in  a  position  to  overcome  similar  difficulties  in  the 
development  of  the  unipolar  machines  I  am  connected  with,  I 
appreciate  the  extraordinary  problems  that  have  to  be  met. 

A  few  of  the  troubles  mentioned  by  the  author  did  not  mate- 
rialize, as  those  connected  with  the  slots  for  the  conductors,  since 
the  machines  were  built  differently  from  the  start;  also  the  rings 
never  came  loose,  but,  as  fair  exchange,  experiences  were  bought 
dearly  in  other  ways.  Of  the  problems  in  common  some  were 
solved  in  the  same  manner,  some  entirely  differently,  by  which 
statement  I  do  not  lay  claim  to  a  better  solution. 

Mr.  Lamme's  design  of  the  collector  rings  is  ingenious.  He 
states  that  one  of  the  reasons  for  building  them  up  out  of  two 


Fig.  1 


Fig.  2 


concentric  rings  was  to  facilitate  their  exchange.  A  different 
way  of  solving  this  difficulty  is  not  to  mount  the  collector  rings 
on  the  armature  directly,  but  rather  on  a  separate  shell  which, 
magnetically,  forms  part  of  the  armature.  (Fig.  1.)  This  elimi- 
nates the  necessity  of  handling  the  heavy  bulk  of  the  armature, 
reducing  the  weights  that  have  to  be  taken  care  of  in  shipping 
and  dismounting,  to  considerably  less  than  10  per  cent. 

The  collectors  are  so  designed  that  one-half  of  the  rings  can  be 
taken  off  from  one  end  and  the  other  half  from  the  other  end.  In 
case  of  a  large  number  of  rings  two  or  more  collector  shells  are 
used  for  each  set. 

Due  to  the  length  of  the  conductors,  it  is  necessary  to  provide  in 
some  way  against  the  stresses  produced  by  heat  exj^ansion.  For 
the  purpose  of  eliminating  them,  Mr.  Lamme  inserted  a  flexible 
element. 

The  corresponding  solution  which  avoids  the  necessity  of  tak- 
\vfr  away  space  from  the  magnetic  section,  consists  in  div.din^ 
the  conductor  lengthwise,  the  end  of  one-half  protrud  ng  into  the 
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end  of  the  other  half  (Fig.  2),  or  in  providing  a  sliding  connec- 
tion, the  conductor  fitting  loosely  into  a  hole  in  the  ring.  Since 
the  peripheral  speeds  are  very  high,  this  connection  forms  a  per- 
fect contact  which  has  proved  successful  in  years  of  operation. 

Bearing  troubles  were  solved  in  identically  the  same  way  by 
Mr.  Lamme  and  myself,  both  of  us  using  coils  in  the  bearings  to 
counteract  the  stray  fields. 

Part  of  the  collector  ring  troubles,  too,  was  taken  care  of  in  the 
same  way,  as  in  both  cases  soft  insulated  graphite  brushes  of  a 
specific  kind  are  used ;  if  I  am  not  mistaken,  even  the  same  make 
is  used. 

Mr.  Lammc's  investigation  relating  to  the  other  brush  troubles 
and  supplementing  my  investigations  of  the  theory  of  the  electric 
contact  areingenious  and  I  gladly  acknowledge  that  where  I  have 
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taken  the  first  step,  Mr.  Lamme  at  the  present  stage  has  obtained 
superior  results  as  to  the  voltage  drop  in  the  contacts.  He  suc- 
ceeds in  permanently  keeping  it  down  to  an  average  of  0.4  volt; 
he  even  mentions  0.1  volt;  these  are  excellent  results. 

I  am  glad  to  have  Mr.  Lamme  a  commiserator  as  to  the  mileage 
that  has  to  be  traveled  over  by  the  brushes.  If  such  require- 
ments had  been  fulfilled  by  single-phase  commutator  motors, 
the  maintenance  expense  would  have  become  reasonable  long 
ago. 

As  to  running  the  generator,  i.e.,  the  rings  against  the  brushes, 
it  has  been  my  experience  for  a  long  time  that  this  is  feasible;  an 
additional  advantage  not  mentioned  but  probably  known  to  Mr. 
Lamme,  is  that  in  rtmning  against  the  brushes,  a  compounding 
action  takes  place. 

If  any  criticism  can  be  made  outside  of  those  mentioned  by 
the  author  of  the  paper  himself,  it  would  refer  to  the  great  bulk 
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of  the  machine;  this  can  probably  be  explained  to  a  considerable 
extent  by  the  comparatively  low  speeds  employed. 

As  Mr.  Lamme  has  brought  up  again  the  question  of  the  mag- 
netic fields  of  imipolar  madiines,  I  put  now  before  the  Institute 
the  results  of  an  investigation  which  originally  I  intended  to 
elaborate  into  a  paper. 

I  have  found  that,  in  contradistinction  to  the  accepted  ideas — 
this  ought  to  be  of  fimdamental  importance  with  regard  to  the 
theory  of  the  magnetic  field — magnetic  fields  set  at  right  angles 
to  each  other  do  not  affect  each  other  in  the  least  (Fig.  3  and  4). 

In  other  words,  if  a  field  is  set  up  in  a  magnetic  material 
which  is  permeated  by  a  second  field  at  right  angles  to  it,  the  rela- 
tion of  the  first  field  to  its  electromagnetic  force  is  not  in  the 
slightest  degree  affected  by  the  second  field,  although  the  second 
field  may  be  so  strong  as  to  have  completely  saturated  the  iron  at 
right  angles  to  the  first  field. 

If  for  instance  in  Fig.  3,  Af-1  and  F-l  represent  respectively  a 
strong  magnetomotive  force  and  a  strong  magnetic  field,  it  is 
natural  that  it  will  be  little  or  not  at  all  affected  bv  a  small 
second  magnetomotive  force  and  magnetic  field,  etc.,  Af-2  and 
F-2,  set  at  right  angles  to  1. 

However,  it  should  be  expected,  according  to  the  usual  con- 
ception, that  if  F-2  and  JI/-2  reach  saturation  (Fig.  4),  then  with 
the  same  Af-1,  F-\  should  be  considerably  reduced,  because  one 
should  assume  that  if  the  iron  is  saturated  in  one  direction  of  the 
field  F-2  there  will  be  no  possibility  for  any  magnetic  flux  to  ]  )ass 
through  it,  even  though  directed  at  right  angles. 

However,  F-X  is  not  at  all  affected  by  F-2.  This  is  not  in  con- 
tradiction to  the  phenomena  observed  with  fields  which  are  said 
to  be  and  are  in  some  respects  at  right  angles  to  each  other  in  alter- 
nating-current machinery,  in  commutating  direct-current  ma- 
chinery and  even  in  many  types  of  unipolar  machines.  (How- 
ever, unipolar  machines  can  be  so  designed  that  the  fields  are  in 
such  relation  to  each  other  so  as  to  be  actually  at  right  angles. 
This  is  of  course  not  usually  the  case  when  conductors  are  placed 
in  slots  or  holes  as  in  Mr.  Lamme's  machine) .  This  is,  as  I  stated , 
not  a  contradiction,  as  a  close  scrutiny  will  show  that  the  fluxes 
in  the  cases  usually  considered  are  affected  in  their  mutual  rela- 
tionship not  because  they  are  at  right  angles  but  for  any  of  a 
number  of  other  reasons. 

These  conditions  seem  to  find  a  parallel  in  the  modem  theory 
of  light. 

In  concluding,  I  take  i)leasurc  in  stating  that  I  have  observed 
the  successful  operation  of  Mr.  Lamme's  2000-kw.  machine.  It 
ran  very  well  indeed;  there  was  no  sparking;  it  ran  cool,  noise- 
lessly and  without  vibration. 

It  is  almost  needless  to  say  that  I  hope  the  paper  will  give  a 
new  impetus  to  this  development,  which  though  apparently 
stagnant  in  the  United  States,  I  had  the  pleasure  of  reviving  in 
Europe. 
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Elihu  Thomson:     I  listened  to  Mr.  Lamme's  account  of  his 
experiences  with  the  iinipolar  machine  with  much  interest.     It 
is  an  example  of  how  bold  an  engineer  must  be  at  times  even  to 
undertake  the  problems  of  which  so  little  is  known.     He  enters 
the  field  and  tries  to  do  the  work  and  then  finds  so  many  difficul- 
ties that  it  is  a  wonder  he  ever  gets  through  or  does  not  lose  his 
enthusiasm  before  he  has  gone  as  far  as  Mr.  Lamme  has  gone.   I 
congratulate  him  on  the  final  result  in  having  a  machine  that  will 
do  the  work.     Now,  in  regard  to  unipolar  construction,  it  will  be 
recalled  that  in  1884  in  the  old  electrical  exhibition  in  Philadel- 
phia George  Forbes  showed  two  or  three  examples  of  unipolar 
dynamos.     They  had  great  blocks  of  carbon  for  brushes,  but  it  is 
about  the  worst  material  to  be  used  in  the  case  of  a  unipolar 
machine  where  the  contact  resistance  is  high.     The  loss  involved 
would  be  very  great.     About  1885  or  '86  we  were  studying  the 
problem  of  the  possibility  of  large  power  stations  for  continuous 
work,  from  the  point  of  unipolar  design,  thinking  possibly  we 
might  construct  a  nimiber  of  machines  in  series  for  a  very  large 
output  such  as  25,000,  or  30,000  kilowatts,  large  in  those  days.     I 
was  led  to  look  into  the  imipolar  design.     I  built  two  machines  of 
moderate  size  to  test  out  the  conditions ;  the  armature  conductor 
was  single  without  series  connection.     This  single  conductor 
was  used  much  as  in  Fig.  2  of  Mr.  Lamme's  paper,  only  the  com- 
pounding which  I  obtained  in  that  machine  was  by  making  the 
current-collecting  ring  connect  with  the  inner  conductor  by  a 
spiral  band  going  around  two  or  three  times,  as  if  a  huge  ribbon 
had  been  wound  around,  which  carried  the  current  to  the  outside 
ring.     That  is  simply  doing  the  same  thing  as  carrying  the  leads 
from  the  brushes  aroimd  in  order  to  get  compoimding.     The 
machine,  however,  developed  difficulties  and  it  was  evident  that 
we  (lid  not  have  enough  knowledge  in  those  days  for  proper  con- 
struction.    The  iron  losses  were  e\ddently,  however,  quite  low. 
I  would  say  that  the  rotor  itself  was  composed  of  a  plain  cylin- 
drical bar  which  was  evenly  plated  with  copper  on  the  outside 
so  as  to  confine  the  conduction  to  the  outside,  and  in  the  air  gap. 
I  was  led  to  suspect  in  those  days  that  possibly  there  was  a 
lessened  loss  to  be  expected  in  iron,  where  we  did  not  have  a  re- 
versal of  flux,  and  in  building  some  inductor  dynamos  later  we 
found  the  iron  losses  so  low  that  they  were  hardly  measurable 
because  the  fiux  merely  changed  direction  from  one  point  to  an- 
other, so  that  the  amount  of  iron  subject  to  magnetic  changes  was 
very  small.     That,  I  think,  would  apply  in  the  case  of  unipolar 
machines  and  account  for  the  low  iron  losses. 

I  was  interested  to  note  the  remarks  that  Mr.  Lamme  makes  as 
to  the  brushes.  This  problem  in  a  way  reminds  me  very  strongly 
of  the  early  days  of  railway  motors.  We  had  a  hard  fight  to  get 
railway  motors  to  work  in  the  street,  where  they  were  exposed  to 
the  dust  and  dirt  of  the  street,  and  the  commutators  likewise. 
We  attempted  to  run  them  open,  without  any  boxes  or  casing, 
and  encountered  many  difficulties.     I  was  on  the  point  of  telling 
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our  company  to  hold  up  on  railway  motor  business  because  the 
commutator  repair  bills  would  swamp  them.  We  then  intro- 
duced the  carbon  brush.  The  box  type  of  motor  kept  the  dust 
off,  and  our  hard  work  was  over.  For  a  time  it  was  a  very  seri- 
ous outlook.  I  recall  that  in  1889  Mr.  C.  E.  L.  Brown,  known 
to  us  all  as  one  of  the  most  competent  engineers,  whose  work  has 
stood  as  the  very  highest,  was  engaged  at  that  time  in  imipolar 
design,  and  the  Oerlikon  works  had  a  contract  to  build  a  machine 
for  10  volts  for  electrolytic  work.  It  was  of  large  output,  some- 
thing like  12,000  or  15,000  amperes.  I  saw  the  parts  of  the  ma- 
chine in  the  shop.  The  rotor  was  a  large  copper  pulley  with  rims 
turned  up  at  each  side  for  the  traverse  of  the  brushes.  I  said  to 
Mr.  Brown,  "  That  is  all  right;  but  how  about  collection  of 
current  from  that  ring?  The  wear  will  be  terrific  on  those  sur- 
faces and  your  ring  will  soon  have  the  flanges  worn  off."  He 
said  "  Do  you  really  think  so?"  I  said  "  I  know  so.  I  don't  be- 
lieve it  is  possible  for  you  to  rtm  at  those  high  speeds  without 
wearing  them  off."  In  about  a  year's  time  a  letter  came  from 
Mr.  Brown  saying  he  had  found  exactly  what  I  told  him  about 
the  brush  wear  was  true,  and  he  said  "  Now  I  am  going  to  try 
carbon."  I  wrote  back  that  I  thought  he  would  be  in  worse 
trouble  with  carbon  than  with  leaf  brushes,  because  the  leaf 
brush  will  accommodate  itself  to  the  surface,  while  the  block  of 
carbon  will  dance  and  jimip,  and  cannot  possibly  follow  the  vibra- 
tion of  the  machine  unless  the  pressure  be  so  high  as  to  cause  a 
mechanical  friction  that  will  be  absolutely  prohibitive.  Later 
on  I  heard  from  Brown  that  these  things  were  true.  I  have 
been  interested  very  much  to  see  the  chemical  methods  of  keep- 
ing contacts  clean  as  applied  in  the  way  that  Mr.  Lamme  says 
has  been  done.  When  I  was  analytical  chemist,  to  keep  our 
metal  surfaces  clean  we  washed  them  with  a  little  hydrochloric 
acid.  If  applied  to  cases  of  the  kind  in  such  a  way  that  the  acid 
would  not  do  any  damage  around,  it  would  often  solve  difficulties. 
W.  L.  Waters  (by  letter) :  Mr.  Lammc,  at  the  end  of  his  paper, 
states — **  As  an  example  of  engineering  pertinacity,  this  machine 
is  possibly  without  a  rival."  I  would  change  the  word  **  pos- 
sibly "  to  **  probably."  The  writer  had  the  pleasure  of  assisting 
Mr.  Lamme  in  some  of  the  work  described,  and  I  think  that  en- 
gineers that  have  been  through  similar  difficulties  will  realize 
that  his  bare  narrative  covers  a  long  period  of  strenuous  work — 
work  that  would  never  have  been  brought  to  a  successful  con- 
clusion, but  for  the  extraordinary  resourcefulness  and  persever- 
ance of  the  man  who  was  directing  it.     As  stated  in  the  paper — 

'*  It  might  be  said that  many  of  the 

troubles  encountered  with  this  machine  could  have  been  fore- 
seen," but  when  it  is  considered  that  this  is  merely  one  of  a 
thousand  machines  that  were  being  handled  in  the  routine  work 
by  the  engineers  responsible  for  this  unipolar  machine,  it  is  easily 
seen  that  the  only  way  to  decide  the  nvmierous  points  which  arose 
was  by  the  direct  experiments  described  in  the  paper. 


A  paper  presented  at  the  29lh  Annual  Con- 
vention  of  the  American  Institute  of  Electrical 
Engineers,   Boston,   Mass.,  June  28,    1912. 

Copyright.  1912.     By  A.I.E.E. 


EXCITATION  OF  ALTERNATING-CURRENT 

GENERATORS 


BY   D.  B.  RUSHMORE 


The  Problem  of  Excitation 
In  order  to  induce  an  electromotive  force  in  electrical  machin- 
ery some  sort  of  excitation  must  always  be  provided.  In  direct- 
current  machines  an  e.m.f.  is  induced  in  the  armature  conductors 
by  their  motion  across  a  stationary  magnetic  field.  This  is 
sometimes  also  the  case  with  alternators,  although  it  is  more 
usual  that  the  field  is  revolving,  so  that  the  magnetic  flux  travels 
past  the  armature  conductors,  which  are  stationary. 

In  the  inductor  alternator  both  the  field  and  armature  wind- 
ings are  stationary  and  only  the  pole  pieces  revolve.  Due  to  the 
varying  reluctance  of  the  magnetic  circuit,  caused  by  the  revolv- 
ing poles,  the  flux  linked  with  the  armature  coils  will  vary  period- 
ically, and  induce  an  alternating  e.m.f.  in  the  armature  winding. 
In  the  polyphase  induction  motor  the  stator  and  rotor  currents 
I^roduce  a  resultant  magnetomotive  force  resulting  in  a  rotating 
field  which  induces  e.m.fs.  in  both  the  primary  and  secondary 
windings.  In  a  transformer,  the  applied  primary  current  mag- 
netizes the  core  and  produces  an  alternating  magnetic  flux  which 
links  with  both  the  primary  and  secondary  windings,  causing 
e.m.fs.  to  be  induced  therein. 

The  above  cases  can  in  general  be  divided  in  two  groups: 
first,  those  of  the  transformer  action,  where  the  field  and  the 
windings,  in  which  the  e.m.f .  is  to  be  induced,  are  both  stationary 
relative  to  one  another  and  where  the  voltage  is  induced  by  the 
alternating  magnetic  flux;  second,  those  of  the  generator  action, 
where  the  field  and  the  windings,  in  which  the  e.m.f.  is  to  be 
induced,  move  relatively  to  one  another,  so  that  the  armature 
conductors  cut  the  lines  of  force  of  the  magnetic  field. 
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In  this  paper  it  is  only  the  intent  to  cover  that  part  of  the 
second  group  which  refers  to  the  excitation  of  alternating-current 
synchronous  generators. 

Alternating-Current  Generators 

Induced  E,  M.  F,  An  alternating-current  synchronous  gen- 
erator is  absolutely  dependent  on  a  dircct-ciurent  excitation 
for  its  operation,  the  e.m.f .  induced  in  the  armature  circuit  being 
determined  by  the  formula 

E    =4.44  *,*„,/ n0  10-8 
in  which 

ks    ==  slot  factor. 

kw    =  winding  pitch  factor. 

/      =  frequency  in  cycles  per  second. 

n     =  armature  turns  in  series  per  phase. 

4>     =  magnetic  lines  of  force. 

VALUES  OP  SLOT  FACTOR  kg 


Slots  per  pole 

Single-* 

Two- 

Three- 

per  phase 

phase 

phase 

phase 

1 

1.000 

1.000 

1.000 

2 

0.707 

0  924 

0.966 

3 

0.667 

0.911 

0.960 

4 

0.653 

0.907 

0.958 

5 

0.647 

0.904 

0  957 

6 

0.643 

0.903 

0  956 

The  values  of  the  winding  pitch  factor,  jfe^,  are  given  in  Fig.  1. 

Characteristics,  The  field  ampere-turns  required  to  produce 
the  magnetic  flux  which  is  necessary  in  order  to  induce  a  desired 
e.m.f.  depends  on  the  character  of  the  magnetic  circuit,  i.e., 
on  its  dimensions  and  on  the  material  of  which  it  is  made  up. 
The  values  are  readily  obtained  by  referring  to  standard  satura- 
tion curves,  similar  to  the  ones  shown  in  Fig.  2,  these  curves,  of 
course,  depending  upon  the  qualities  of  the  iron  or  steel  which  is 
used.  The  curves  are  plotted  as  ampere-turns  per  inch  against 
kilo-lines  per  sq.  inch,  although  occasionally  ampere-turns  per 
centimeter  are  plotted  against  kilo-lines  per  square  centimeter. 
The  total  magnetomotive  force  per  magnetic  circuit  is  equal  to 
the  sum  of  the  m.m.fs.  necessary  for  establishing  the  required 

*If  part  of  the  slots  arc  left  open,  the  breadth  of  the  winding  is  re- 
duced and  the  value  of  ks  is  increased  to  approximately  that  given  for 
a  two-phase  winding. 
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flux  ill  the  separate  parts  of  the  circuit  which  are  in  series,  viz., 
the  pole  pieces,  the  field  spider,  the  air  gaps,  the  teeth  and  the   ' 
armature  core. 

The  relation  of  the  c.m.f.  produced  by  an  alternator  at  no-load, 
i.e.f  at  open  circuit,  to  the  field  current  when  the  alternator  is 
driven  at  constant  speed  is  represented  by  the  no-load  saturation 
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curve.  Such  a  characteristic  curve  is  shown  in  curve  A,  Fig.  3, 
and  it  is  seen  that  this  curve  is  almost  a  straight  line  for  small 
exciting  currents.  At  low  excitation,  the  reluctance  of  the  air 
gai»  is  very  hifjh  and  that  of  the  iron  wry  low,  and  therefore  the 
former  may  be  considered  as  constituting  the  entire  reluctance 
of  the  magnetic  circuit.    Since  the  reluctance  of  air  is  constant, 
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regardless  of  the  flux  density,  at  small  excitations  the  flux  will 
be  proportional  to  the  magnetomotive  force,  and  therefore  the 
open-circuit  voltage  is  proportional  to  the  field  current,  hence  the 
curve  is  straight.  As  the  field  becomes  stronger,  however,  the 
proportion  of  the  air-gap  reluctance  to  the  entire  reluctance 
decreases  because  the  permeability  of  iron  decreases  with  in- 
creased flux  density,  and  therefore  the  e.m.f.  increases  less 
rapidly  with  increased  excitation. 

When  a  current  is  flowing  in  the  armature  circuit,  t.  e.y  under 
load,  the  field  ampere-turns  required  to  maintain  normal  terminal 
voltage  exceed  the  no-load  ampere-turns  required  for  normal 
voltage.    This  is  due  to  the  following: 

1.  The  resistance  drop  in  voltage  caused  by  the  armature   current. 

2.  The  demagnetizing  effect  of  the  armature  current. 

3.  The  increased  leakage  flux  caused  by  a  greater  full-load  field  excita- 
tion. 

A  number  of  methods  have  been  proposed  for  calculating 
the  above  components,  and  thus  determining  the  total  field 
excitation.  A  detailed  explanation  of  these  methods  is,  however, 
beyond  the  scope  of  this  paper.  Knowing  the  resistance  and  the 
leakage  reactance  of  the  armature,  the  voltage  drop  in  the  anna- 
ture  is  added  geometrically  to  the  terminal  voltage,  and  this 
gives  the  induced  voltage  in  the  machine.  Knowing  from  the 
no-load  saturation  curve  the  required  net  excitation  at  this  volt- 
age, and  correcting  it  for  the  cfi"ect  of  the  armature  reaction,  the 
necessary  field  ampere-turns  are  obtained.  The  result  of  such 
calculations  for  different  values  of  the  armature  current  and  for 
various  power  factors  are  represented  by  the  load-characteristic 
curves.  The  full-load  saturation  curve  of  an  alternator  is  shown 
by  curve  B  in  Fig.  3. 

Effect  of  Power  Factor,  When  the  annature  current  leads  the 
induced  e.m.f.  in  the  annature  conductors,  the  armature  m.m.f. 
assists  the  field  m.m.f.  and  so  strengthens  the  field.  When  the 
armature  current  lags  behind  the  induced  e.m.f.,  the  armature 
m.m.f.  opposes  the  field  m.m.f.  and  so  weakens  the  field. 

When  the  current  and  the  induced  e.m.f.  are  in  phase,  the 
two  m.m.fs.  neither  assist  or  oppose  each  other,  and  the  influence 
of  the  armature  reaction  is  only  to  distort  the  main  field  without 
changing  its  value.  The  current  in  the  armature,  however, 
always  lags  Ix^hind  the  induced  e.m.f.  by  reason  of  the  inductance, 
and  even  with  unity  power  factor  in  the  external  circuit  the 
armature  reaction  is  demagnetizing  to  a  certain  extent. 
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The  induced  armature  e.m.f .  is  proportional  to  the  flux  per  pole, 
and  thus,  with  leading  current  in  the  armature  the  induced  e.m.f. 
is  greater  than  the  open-circuit  voltage,  and  with  lagging  current 
less  than  the  open-circuit  voltage.  In  the  latter  case,  when  load 
is  put  on  the  machine  the  field  excitation  must,  therefore,  be 
increased  in  order  to  overcome  the  armature  reaction  by  an 
amount  sufficient  to  neutralize  the  armature-demagnetizing 
magnetomotive  force. 

Range  of  Excitation.  In  order  to  get  the  best  combination  for 
automatic  voltage  regulation  an  alternator  should  preferably 
have  a  range  in  excitation  from  no-load  to  maximum  load,  with 
approximately  80  per  cent  power  factor,  of  the  ratio  of  not  more 
than  one  to  two.  With  125  volts  excitation,  the  voltage  should 
therefore  not  be  allowed  to  exceed  125  volts  at  maximtun  load,  80 
per  cent  power  factor,  and  the  corresponding  no-load  excitation 
should  be  about  70  volts.  Should  the  excitation  voltage  be  250, 
the  same  ratio  should  hold  true. 

Excitation  required  varies  considerably  for  different  machines, 
depending  upon  the  size,  the  number  of  poles,  the  speed  and  the 
regulation.  For  alternators  of  different  capacities,  but  other- 
wise similar,  the  relative  excitation  naturally  decreases  as  the 
size  of  the  alternator  increases.  High-speed  machines  generally 
require  a  less  excitation  than  low-speed,  due  to  the  less  number 
of  poles.  With  a  large  number  of  poles,  however,  the  air  gap 
is  usually  smaller,  and  this  will  somewhat  offset  the  higher 
excitation  for  low-speed  machines. 

In  general,  it  may  be  said  that- small  machines  of  many  poles 
require  a  large  excitation,  and  large  machines  with  few  poles  a 
comparatively  small  excitation.  The  percentage  of  the  excitation 
of  alternators  as  compared  to  their  output  may  approximately 
be  taken  as  from  2  per  cent  or  more  for  the  former  class  to  0 . 5 
I)er  cent  for  the  latter.  In  Fig.  4  are  given  some  curves  showing 
approximately  the  average  values  of  excitation  required  for 
different  types  of  alternators. 

Exciters 

Exciter  Characteristics.  When  exciters  are  to  be  operated  in 
connection  with  automatic  regulators  it  is  most  important  that 
they  be  designed  with  this  point  in  view.  The  densities, 
especially  in  the  fields,  should  be  fa'rly  low,  as  with  a  high  density 
the  time  element  required  to  vary  the  yoltage  from  one  point  to 
another  would  be  so  long  as  materially  to  affect  the  regulation. 
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The  exciter  should  preferably  have  a  time  element  so  that  it 
will  be  responsive  to  changes  in  the  field  excitation  to  the  extent 
that,  by  inserting  an  external  resistance  equal  to  about  three 
times  the  resistance  of  the  field,  the  voltage  will  fall  from  125 
to  25  volts  in  from  four  to  six  seconds.  An  ideal  exciter  designed 
along  these  lines  should  also  give  at  full  field  165  volts,  and  the 
increase  in  the  field  current  from  125  volts  to  150  volts  should  not 
be  over  50  per  cent. 

For  alternators  operating  at  maximum  inductive  overload, 
125  volts  is  generally  required  for  the  excitation,  and  in  order 
to  get    satisfactory  regulation  when  a  T  A  regulator  is  used, 


t        ' /'  7      / 

W'T  V 

,„--l--|LfpJ^ 

-%JT 

""  ff^ 

^-^W-f~--[X 

I A              I 

■ju 

-'  ■ '-  '^^y^'--\-- 

z 

x;  / 

^ 
' 

■  1  1 

-.-h 

-- 

- 

/I' 

7[  n^ 

- 

» 

t 

b 

_ 

"'"n 

H 

' 

Fig.  4 — Appkoxiuatk   Average 
Excitation  of  Alternators. 

the  exciter  must  be  designed  so  as  to  be  able  to  give  105  volts 
momentarily.  It  is  also  necessary  that  the  increase  in  the  exciter 
field  current  should  be  small,  so  that  the  exciter  will  respond 
quickly  to  the  short-circuiting  of  the  rheostat,  and  thus  insure 
the  desired  alternator  excitation.  Should  the  excitation  voltage 
be  any  other  value  than  125,  e.g.,  250  volts,  the  above  values 
would  be  proportionally  changed. 

The  curves  in  Fig.  5  show  the  saturation  curves  of  two  exciters, 
one  representing  the  characteristics  of  a  machine  with  a  low 
density,  as  required,  and  the  other  representing  the  characteristics 
of  a  machine  with  high  density  and  consequently  requiring  a 
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large  increase  in  the  field  current.  It  can  readily  be  seen  that 
the  latter  exciter  is  not  as  desirable  for  good  voltage  regulation 
as  the  former  exciter  when  an  automatic  regulator  is  used. 

The  series  field  excitation  should  not  exceed  30  per  cent  of  the 
total  excitation  so  that  a  good  regulation  may  be  obtained  by 
control  of  the  shunt-field  rheostat.  In  order  to- obtain  the  desired 
variation  in  the  voltage  it  becomes  necessary  to  provide  a  rheostat 
of  sufficient  size,  its  resistance  being  about  three  times  that  of 
the  resistance  of  the  exciter  shunt  field  when  hot. 

Shunt  vs.  Compound-Wound  Exciters.  While  an  exciter  can  be 
either  of  the  shunt  or  compound-wound  type,  the  latter  is  pre- 
ferable. The  main  reason  for  this  is  that  a  better  parallel  opera- 
tion is  obtained  with  compound  windings,  this  being  especially 
true  where  two  or  more  machines  of  different  size  are  to  be  oper- 
ated in  parallel.  It  makes  no  difference  whether  an  automatic 
regulator  is  used  or  not,  although  the  series  winding  loses  its 
value  in  connection  with  automatic  regulators  if  the  exciters  are 
not  operated  in  parallel. 

When  operating  without  automatic  regulators,  compound- 
wound  exciters  have  the  advantage  that  they  will  give  the  same 
excitation  from  no  load  to  full  load,  or  they  can  be  slightly  over- 
compounded  to  take  care  of  the  increased  load,  and  will  thereby 
compensate  in  a  measure  for  the  drop  or  rise  in  the  voltage  as  the 
load  varies. 

Exciters  mth  Commutating  Poles.  In  operating  exciters  with 
commutating  poles  in  parallel,  there  is  sometimes  a  tendency  for 
the  incoming  machine  to  take  all  the  load.  The  reason  for  this 
is  generally  due  to  the  fact  that  a  commutating-pole  machine, 
when  flat-compounded  at  125  volts,  has  a  rising  characteristic 
when  operated  at  voltages  less  than  normal,  as  shown  in  Fig.  6. 
To  overcome  this  it  is  therefore  desirable  to  flat-compound  all 
exciters  with  commutating  poles  at  80  volts,  so  as  to  give  a  droop- 
ing characteristic  at  higher  voltages,  as  shown  in  Fig.  7. 

Rating.  It  is  the  general  practise  so  to  determine  the  capacity 
of  the  exciters  that  their  combined  normal  rating  will  correspond 
to  the  maximum  excitation  required  for  the  total  generating 
equipment  when  operating  at  the  specified  power  factor. 

An  overload  capacity  of  25  per  cent  is  therefore  generally 
considered  ample  to  take  care  of  possible  excessive  load  variations 
and  for  furnishing  current  to  auxiliary  station  apparatus  and 
lighting. 

The  temperature  rise  at  normal  load  should  not  exceed  45  deg. 
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cent,  on  the  commutator  and  40  deg,  cent,  on  all  other  parts;  for 
25  per  cent  overload  60  deg.  and  55  deg.  cent  respectively.  These 
temperatures  are  to  be  based  on  thermometer  readings,  and  a 
room  temperature  of  25  deg.  cent. 

Voltage.  The  pressure  most  commonly  used  for  excitation  is 
125  volts.  For  alternating-current  machines  of  a  very  large 
capacity  requiring  a  large  excitation  it  will,  however,  usually  be 
found  to  be  more  economical  to  use  a  250-volt  excitation.  This 
higher  voltage  will  necessarily  allow  a  smaller  conductor  for  the 
exciter  and  field  leads,  and  in  addition  the  size  of  the  commutator 
can  be  considerably  reduced,  which  is  important,  especially  for 
waterwheel-driven  exciters  where  the  design  must  be  such  as 
to  withstand  safely  the  increased  stresses  due  to  a  possible  double 
speed. 


LOAD 

Pies,  6  AND  7— Compounding  of  Com  mutating- Pole  Exciters. 


Speed.  The  speed  of  an  exciter  depends  on  the  method  of  its 
drive  and  on  its  capacity.  Extremely  slow  or  high  speeds  mean 
excessive  cost,  with  the  addition  of  mechanical  difficulties  for 
high  speed.  This  is  especially  important  in  hydraulic  installa- 
tions, where  the  exciters  are  driven  from  waterwheels,  in 
which  case  they  must  be  designed  to  withstand  the  increased 
stresses  due  to  a  double  speed.  This  fact  should,  therefore, 
always  be  considered  before  the  speed  of  walerw  heel -driven 
exciters  is  fixed. 

Mechanical  Design.  The  mechanical  design  of  exciters  does  not 
differ  from  other  direct -current  generators.  They  arc  almost 
always  of  the  horizontal  type,  although  in  certain  instances 
vertical  units  are  desired,  due  to  certain  advantages  in   the 
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hydraulic  equipment.  Vertical  units  are,  as  a  rule,  considerably 
more  expensive  than  horizontal,  on  account  of  increased  de- 
velopment charges. 

The  pole  pieces  are  generally  built  up  of  laminated  steel  riveted 
together  and  bolted  to  the  frame.  The  extensions  of  the  pole 
face  serve  to  hold  the  field  coils  firmly  in  place,  and  the  coils 
can  readily  be  exchanged  when  necessary  by  simply  removing 
the  pole  pieces. 

Belted  exciters  are  generally  provided  with  end-shield  bearings, 
as  when  this  type  of  exciter  is  selected  the  required  capacity  is 
not  very  large  and  two-bearing  machines  can  safely  be  used. 
When  intended  for  direct  connection  to  a  waterwheel  they  are 
almost  invariably  of  the  pedestal -bearing  type,  the  shaft  being 
provided  with  the  necessary  coupling.  When,  on  the  other  hand, 
they  are  intended  for  direct  connection  to  an  engine  or  to  the 
main  generators,  shaft  and  bearings  are  generally  not  furnished. 
In  the  former  case  the  exciter  armature  is  commonly  mounted 
directly  on  the  engine  shaft  and  the  frame  is  supported  on  an 
extension  of  the  engine  base,  while  in  the  latter  case  the  arma- 
ture is  generally  mounted  on  an  extension  of  the  generator  shaft 
and  the  frame  is  supported  on  a  bracket  outside  one  of  the 
generator-bearing  pedestals. 

Vertical  exciters  are  ordinarily  provided  with  one  or  two  gtiide 
bearings  and  a  short  shaft  with  coupling.  For  supporting  the 
revolving  element  a  roller-suspension  bearing  is  sometimes 
furnished,  forming  part  of  the  upper  bearing  bracket.  It  should 
be  of  sufficient  size  to  take  care  not  only  of  the  weight  of  the 
exciter  armature  but  also  of  the  revolving  element  of  the  prime 
mover.  In  certain  instances  waterwheel  builders  will  furnish 
a  step  bearing  and  if  so,  only  guide  bearings  need  be  furnished 
with  the  exciter. 

Two-bearing  belted  exciters  are  usually  provided  with  a  slid- 
ing base  and  the  belt  is  tightened  by  the  use  of  a  ratchet  screw 
which  movies  the  machine  along  the  base.  When  the  exciters 
are  rigidly  coupled  and  driven  by  motors,  both  the  exciter  and 
the  motor  should  be  mounted  on  a  common  cast-iron  base  to 
insure  perfect  alignment. 

Pulleys  for  belt-driven  exciters  should  preferably  be  of  paper, 
these  being  preferable  to  cast-iron  pulleys.  They  are  cheaper, 
lighter  and  adhere  wcljll  to  the  belt.  The  belt  speed  should  not 
exceed  5000  ft.  per  minute  and  the  pulley  ratio  should  not  exceed 
5  to  I  unless  an  idler  is  provided. 
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Different  Methods  of  Excitation 

The  excitation  of  alternators  can  in  general  be  classified  under 
the  following  three  divisions:  self -excited ,  compositely  excited 
and  separately  excited.  Of  these,  however,  the  last  named  is 
almost  entirely  used. 

Self-Exciting  Alternators,  The  simplest  form  of  self -excited 
alternator  is  the  one  where  the  field  current  is  supplied  through 
a  rectifying  commutator  from  the  armature  under  consideration. 

Self -excited  alternators  mav  be  divided  into  series-wound  and 
shunt-wound,  depending  upon  whether  tho  whole  current  is 
rectified  and  led  through  a  comparatively  small  number  of  turns 
around  the  field  magnets,  or  whether  only  a  portion  of  the 
current  is  rectified  and  led  through  a  shunt  circuit  several 
times  around  the  field  poles.  Of  these,  the  shunt-wound  type 
has  been  mostly  used,  and  either  the  full  pressure  of  the 
armature,  or  that  of  one  or  more  coils,  may  be  impressed  directly 
upon  the  rectifying  commutator,  by  means  of  a  transformer 
attached  to  the  armatiu"e. 

The  Alexanderson  self-excited  alternator  is  possibly  best 
known  in  this  country.  A  novel  feature  of  this  machine  is  the 
automatic  voltage  regulation  accomplished  by  a  special  applica- 
tion of  the  field  rheostat.  While  in  ordinary  generators  the 
field  current  is  controlled  by  hand  regulation,  this  machine 
employs  a  three-phase  field  rheostat  in  which  the  voltage  drop 
is  automatically  cut  down  to  the  desired  extent  by  a  three-phase 
current  forced  through  the  rheostat  in  opposite  directions  to  the 
field  currents.  The  current  used  for  reducing  the  drop  in  the 
rheostat  is  taken  from  a  transformer  connected  in  series  with 
the  armature  circuit.  In  this  way  the  field  current  is  regulated 
with  respect  to  the  power  factor  as  well  as  to  the  amount  of 
current  taken  from  the  generator. 

A  diagram  showing  the  general  connections  of  this  machine 
is  given  in  Fig.8.  The  stationary  part  is  provided  with  two  wind- 
ings, the  main  winding.  Ay  and  the  auxiliary  winding,  B, 
which  is  placed  in  the  same  slots  as  the  main  winding  and  con- 
sists of  a  few  turns  of  small  wire. 

The  exciting  current  is  generated  in  the  auxiliary  three-phase 
winding,  its  terminals  being  connected  to  three  sets  of  brushes 
bearing  on  a  special  rectifying  commutator.  R  represents  three 
non-inductive  resistances  connecting  the  windings  to  the  neutral 
point.  Three  series  transformers  are  connected  in  the  main 
lines  of  the  alternator,  the  secondaries  of  which  are  connected 
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to  the  resistance  in  the  F-connection  of  the  auxiliary  winding. 
F  is  the  field  winding  of  the  alternator,  which  can  be  of  the 
ordinary  construction.  The  commutator  has  one  active  segment 
per  pole,  each  alternate  segment  being  connected  to  one  side  of 
the  field  winding  and  the  remaining  segments  to  the  other. 
By  this  arrangement  it  is  possible  to  make  the  commutation  inde- 
pendent of  the  reactance  which  is  inherent  in  the  ordinary  type 
of  field  winding,  and  the  whole  process  of  commutation  is 
carried  out  in  the  stationary  circuits  before  the  current  enters  the 
field. 

The  operation  of  the  machine  is  as  follows :    full-load  inductive 
excitation  of  the  machine  is  obtained  from  the  voltage  generated 
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Fig.  8 — Diagram  of  Alexanderson  Self-Excited  Alternator. 


in  the  auxiliary  winding,  and  the  resistance  in  series  with  the 
winding  is  so  adjusted  that  the  current  from  the  winding  to 
the  brushes  is  right  at  no  load.  With  full-load  wattless  current 
of  the  alternator,  the  current  in  the  secondary  of  the  series  trans- 
former and  its  potential  is  such  that  the  drop  in  the  resistance 
which  occurs  at  no  load  is  completely  compensated  for,  so  that 
there  is  no  potential  difference  although  the  resistance  is  in 
series  with  the  commutator.  With  ftdl  non-inductive  load, 
since  the  arrangement  of  the  circuits  is  such  that  the  opposing 
e.m.f.  by  the  series  transformer  is  displaced  90  deg.  from  that 
generated  in  the  auxiliary  winding,  the  resultant  drop  in  the 
resistance  is  of  some  magnitude  and  therefore  the  exciter 
voltage  is  less  than  at  full-load  wattless  current,  but  more  than 
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at  no  load.  The  true  relatkm  between  excitation  at  no  load, 
full  non-inductive  load  and  fidi  inductive  load  is  illustrated  in 
Fig.  9«  in  which  ^  B  is  the  excitation  at  full  non-inductive  load, 
A  C  the  excitation  at  full  inductive  load,  and  A  O.  equal  to 
A  C—OCj  is  the  no-load  excitation.  The  circle  is  the  locus  for 
the  field  excitation  for  ditierent  power  factors.  It  is  e^ndent  that 
the  voltage  so  obtained  at  the  rectifying  coninnitator  is  correct 
for  proper  compounding,  since  the  relation  between  the  no-load 
ampere-tnms  and  the  full  non-inductive  load  ampere-tums 
is  quite  closely  found  by  combining  the  no-load  ampere-tums 
and  s>'nchronous  impedance  ampere-tums  at  right  angles.  This 
full  inductive  excitation  is  ver>-  closely  obtained,  if  the  no-load 
ampere-tums  and  the  s\-nchronous  impedance  ampere-tums  are 
directly  added.  This  corresponds  in  the  diagram  to  the  condi- 
tions when  ^  O  is  added  to  O  C. 

ComposiU'Wound  Alternators.     In  order  to  obtain  the  result 
for  which  compotmd  windings  are  used  vriih  direct -current  gen- 
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Fig.  9 — Excitation   Diagram — Self-Excited  .Alternator. 

erators,  compensating  i»-indings  are  used  with  alternators.  The 
field  is  excited  for  its  normal  open-circuit  voltage  by  an  exciter 
either  direct-connected  or  geared  to  the  generator,  while  the 
voltage  drop  caused  by  the  load  current  is  compensated  for  by 
series  ampere-tums  from  self -excitation. 

The  compensating  winding  can  be  connected  in  many  different 
ways;  for  example,  the  armature  current  may  all  be  rectified  for 
use  in  excitation,  or  it  may  pass  through  a  special  transformer 
attached  to  the  armature,  and  the  secondare*  of  this  transformer 
may  supply  the  current  for  rectification  and  self-excitation. 
Again,  the  rectified  current  may  be  passed  through  a  few  turns 
of  wire  on  each  pole,  or  all  the  necessary'  series  turns  may  be 
placed  on  one  or  two  poles. 

The  connections  of  one  type  of  compensated  generator  are 
sho^n  in  Fig.  10.  There  are  two  collector  rings  for  supplying 
current  to  the  revoh-ing  field,  and  three  collector  rings  for  sup- 
plying alternating  current  from  a  series  transformer  to  the  arma- 
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ture  of  the  coTni)cnsating  exciter.  This  set  of  three  rings  is 
mounted  outside  of  the  bearing  in  the  case  of  the  smaller  belt- 
driven  generators,  and  inside  the  bearing,  just  outside  the  field 
collector  rings,  on  the  larger  belt-driven  machines.  On  the 
engine-driven  generators  these  rings  are  mounted  on  the  exciter- 
shaft. 

The  compoimding  of  these  machines  is  accomplished  by  pass- 
ing three-phase  current  into  the  exciter  armature  in  such  a 
way  that  it  reacts  magnetically  on  the  exciter  field  in  propor- 
tion to  the  strength  and  phase  relation  of  the  alternating  current. 
Consequently,  the  magnetic  field  and  hence  the  voltage  of  the 
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Fig.   10 — Connections  of  Three-Phase  Compensated  Generators. 


exciter  are  due  to  the  combined  effects  of  the  shunt  field  current 
and  the  magnetic  reaction  of  the  alternating  current.  The  alter- 
nating current  i)asses  through  the  exciter  armature  in  such  a 
manner  as  to  give  the  nccessar\'  rise  of  exciter  voltage  as  the 
non-inductive  load  increases,  and  without  other  adjustment,  to 
give  greater  rise  of  exciter  voltage  with  additions  of  inductive 
load. 

An  iUustration  of  a  compensating  generator  of  the  above  type 
is  shown  in  Fig.  11. 

Separate  Excitation.  A  separately  excited  generator  has  no 
inherent  tendency  toward  regulation,  this  being  effected  eitbax 


1854 


RUSHMORE:  EXCITATION 


IJunc  28 


by  a  rheostat  in  the  field  circuit  or  by  means  of  diflcrciit  systems 
of  automatic  regulator  operation,  as  treated  more  fully  in  another 
part  of  this  paper. 

With  separate  excitation  the  direct  current  is  obtained  by 
means  of  exciters,  or  from  some  other  existing  source  of  direct- 
current  supply  or  from  a  storage  battery.  The  first  method, 
however,  is  the  most  advantageous  and  is  the  one  almost  invari- 
ably used. 

Different  Method.?  of  Voltagi;  Regulation 

Hand  Regulation.     The  simplest  system  of  operation  is  by 

means  of  hand-operated  rheostats  connected  in  the  field  circuits 

of  each  generator.     The  ])ressure  of  the  exciter  bus  is  then 

generally  kept  constant  at  the  rated  exciter  voltage  and  all 


Fig.    12 — ^Elbmentarv    Diauram  of  Type  T  A  Form  A  Regulator 


the  regulation  is  done  by  manipulating  the  generator  rheostats. 
In  order  to  regulate  the  exciter  voltage  it  is,  of  course,  also  neces- 
sary to  provide  rheostats  in  the  exciter  fields. 

T  A  Regulatars.  Of  the  various  schemes  proposed  for  auto- 
matic voltage  regulation,  the  T  A  regulator  is  now  most  widely 
used.  With  this  system  the  desired  voltage  is  maintained  by 
rapidly  opening  and  closing  a  shunt  circuit  across  the  exciter 
field  rheostat.  The  rheostat  is  first  turned  in  until  the  exciter 
voltage  is  greatly  reduced  and  the  regulator  circuit  is  then 
closed.  This  short-circuits  the  rheostat  through  contacts  in  the 
regulator  and  ihc  voltage  of  the  exciter  anil  generator  im- 
mediately rise.  Ataprcdetcnnine(lT)oint  the  regulator  contacts 
are  automatically  opened  and  the  field  current  of  the  exciter 


I'li;    II  — Thkei;-Phase  C(iMPESs.\rRO  Generatiib. 


••    • 

•  •  •  • 

*    ••  » 

•  •    •" 
»  -•_  • 


•  •. 


•  •    • 
•  •  •- . 


•  •    • 

«         •  • 


•  •  •-  • 


•  •  • 


•  •  • 


*  •    • 


1912J  RUSH  MORE:  EXCITATION  1855 

mUvSt  again  pass  through  the  rheostat.  The  resulting  reduction 
in  voltage  is  arrested  at  once  by  the  closing  of  the  regulator 
contacts,  which  continue  to  vibrate  in  this  manner  and  keep  the 
generator  voltage  within  the  desired  limits. 

Method  of  Operation.  An  elementary  diagram  of  the  type 
T  A,  form  A  regulator's  connections  with  an  alternating-current 
generator  and  exciter  is  shown  in  Fig.  12.  The  regulator  has  a 
direct-current  control  magnet,  an  alternating-current  control 
magnet,  and  a  relay.  The  direct-current  control  magnet  is 
connected  to  the  exciter  busbars.  This  magnet  has  a  fixed 
stop-core  in  the  bottom  and  a  movable  core  in  the  top  which  is 
attached  to  a  pivoted  lever  having  at  the  opposite  end  a  flexible 
contact  pulled  downward  by  four  spiral  springs.  For  clearness, 
however,  only  one  spring  is  shown  in  the  diagram.  Opposite  the 
direct-current  control  magnet  is  the  alternating-current  control 
magnet,  which  has  a  potential  winding  connected  by  means  of  a 
I)otential  transformer  to  the  alternating-current  generator  or 
busbars.  There  is  an  adjustable  compensating  winding  on  the 
alternating-current  magnet  connected  through  a  current  trans- 
former to  the  principal  lighting  feeder.  The  object  of  this 
winding  is  to  raise  the  voltage  of  the  alternating-current  busbars 
as  the  load  increases.  The  alternating-current  control  magnet 
has  a  movable  core  and  a  lever  and  contacts  similar  to  those  of 
the  direct-current  control  magnet,  and  the  two  combined  pro- 
duce what  is  known  as  the  "  floating  main  contacts.'' 

The  relay  consists  of  a  U-shaped  magnet  core  having  a  dif- 
ferential winding  and  a  pivoted  armature  controlling  the  con- 
tacts which  open  and  close  the  shunt  circuit  across  the  exciter 
field  rheostat.  One  of  the  differential  windings  of  the  relay  is 
])ermancntly  connected  across  the  exciter  busbars  and  tends  to 
kecf)  the  contacts  open;  the  other  winding  is  connected  to  the 
exciter  busbars  through  the  floating  main  contacts  and  when  the 
latter  are  closed  neutralizes  the  effect  of  the  first  winding  and 
allows  the  relay  contacts  to  short-circuit  the  exciter  field  rheostat. 
Condensers  are  connected  across  the  relay  contacts  to  prevent 
severe  arcing  and  possible  injury. 

Cycle  of  Operation.  The  circuit  shunting  the  exciter  field 
rheostat  through  the  relay  contacts  is  opened  by  means  of 
a  single-pole  switch  at  th(^  l)ottom  of  the  regulator  panel  and  the 
rheostat  turned  in  until  the  alternating-current  voltage  is  re- 
duced 05  \)vv  cent  below  normal.  This  weakens  both  of  the 
C(Mitr()l  magnets  and  the  floating  main  contacts  are  closed.    This 
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closes  the  relay  circuit  and  demagnetizes  the  relay  magnet, 
releasing  the  relay  armature,  and  the  spring  closes  the  relay 
contacts.  The  single-pole  switch  is  then  closed  and  as  the  exciter 
field  rheostat  is  short-circuited  the  exciter  voltage  will  at  once 
rise  and  bring  up  the  voltage  of  the  alternator.  This  will 
strengthen  the  alternating-current  and  direct-current  control 
magnets  and  at  the  voltage  for  which  the  counterweight  has 
been  previously  adjusted  the  main  contacts  will  open.  The  relay 
magnet  will  then  attract  its  armature  and  by  opening  the  shunt 
circuit  at  the  relay  contacts  will  throw  the  full  resistance  into 
the  exciter  field  circuit,  tending  to  lower  the  exciter  and  alternator 


voltage.  The  main  contacts  will  then  beagainclosed.thecxciter 
field  rheostat  short-circuited  through  the  relay  contacts  and  the 
cycle  repeated.  This  operation  is  continued  at  a  high  rate  of 
vibration,  due  to  the  sensitiveness  of  the  control  magnets,  and 
maintains  not  a  constant,  but  a  steady  exciter  voltage. 

For  larger  installations  the  type  T  A,  form  F  regulator  is 
generally  used,  an  elementary  connection  diagram  of  this  type 
being  shown  in  Fig,  13.  This  regulator  has  several  relays, 
varying  from  two  to  twelve  in  number  according  to  the  size, 
capacity  and  character  of  the  exciters  used.  While  th<'  funda- 
mental principle  of  operation  of  these  regulators  is  the  same  as 
for  the  form  A,  as  described  above,  certain  modifications  are 
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necessary  in  controlling  two  or  more  generators.  As  will  be 
seen  by  reference  to  the  elementary  diagram  of  the  form  F 
regulator,  relay  No.  1  is  connected  across  the  field  rheostat  of 
one  exciter,  while  relays  No.  2  and  No.  3  are  placed  across  sec- 
tions of  the  field  rheostat  of  the  second  exciter.  This  is  necessi- 
tated because  the  second  exciter  is  of  larger  capacity  than  the 
first.  Similar  modifications  are  necessary  in  special  cases,  but 
the  method  of  control  by  the  rapidly  moving  main  floating 
magnets  and  sensitive  control  magnets  remains  identical  and 
maintains  the  same  steady  rise  and  fall  in  voltage  required  by  the 
altemating-ourrrent  system. 

Compensation  for  Line  Drop.     Compensation  for  line  drop 
may  also  be  obtained  with  these  regulators.    For  ordinary  instal- 
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Fig.    14 — Connections   of  Automatic  Regulator  for  Alternating- 
Current  Generator,  using  Line-Drop  Compensator. 


lations  the  compensating  winding  on  the  alternating-current 
control  magnet  is  connected  to  a  current  transformer  in  the  main 
feeder.  A  dial  switch  is  provided  by  which  the  strength  of  the 
alternating-current  control  magnet  may  be  varied  and  the 
regulator  made  to  compensate  for  any  desired  line  drop  up  to 
15  per  cent,  according  to  the  line  requirements. 

This  arrangement  is  very  satisfactory  for  general  use,  but  where 
the  power-factor  of  the  load  has  a  wide  range  of  variation,  as 
in  long-distance  transmission  lines,  better  results  can  be  obtained 
with  a  special  line-drop  compensator  adapted  to  the  regulator. 
This  compensator,  see  diagram  Fig.  14,  has  two  dial  switches 
with  many  taps  to  the  resistance  and  the  reactance  in  the  box 
so  that  it  can  be  adjusted  to  compensate  accurately  for  line 
losses  with  loads  of  varying  i)ower  factor. 
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Systems.  In  larger  stations  with  a  number  o£  alternators,  the 
general  practise  has  been  to  provide  two  or  more  exciters  opera- 
ling  in  parallel  and  controlled  by  one  common  voltage  regulator 
by  a  suitable  arrangement  of  equalizing  rheostats.  The  con- 
nections o£  such  a  system  are  shown  in  Fig.  15. 

A  system  using  T  A  regulators  for  preventing  cross-currents 
between  generators  operating  in  parallel  is  shown  in  the  diagram, 
Fig.  16.  This  particular  arrangement  covers  two  generators 
operating  on  separate  buses  provided  with  a  tie-line.  With  the 
tie-switch  closed,  however,  the  condition  will  be  the  same  as 
if  both  generators  operated  in  parallel  on  one  bus.    One  exciter 


with  its  own  regulator  is  provided  for  each  generator,  and  the 
current  and  potential  transformers  are  connected  90  dcg.  out 
of  i>hase  with  each  other,  so  that  if  cross-currents  tend  to  flow 
lietween  the  generators,  the  regulator  will  reduce  these  cross- 
currents by  strengthening  or  weakening  the  field  of  the  generator 
to  which  the  regulator  is  connected. 

Cut-out  Relay.  This  relay  has  been  devised  to  be  used  in 
connection  with  T  A  regulators  for  guarding  against  short- 
circuits  and  voltage  rises  in  transmission  systems.  If  a  voltage 
regulator  is  used  and  a  short-circuit  should  occur  somewhere  on 
the  system,  for  example  in  the  transmission  lines,  the  action  of 
the  regulator  would  naturally  be  to  deliver  tiif  maximum  excita- 
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tion  to  the  fields  of  the  exciters  and  generators,  so  as  to  keep  up 
the  voltage  of  the  system.  This  in  turn  necessitates  that  the 
governors  of  the  prime  movers  be  wide  open,  and  if  the  short- 
circuit  should  be  suddenly  relieved,  the  voltage  often  rises  to 


plo.  15^c0nnecti0ns   of  two  voltace  regulators  operattnc  in 
Parallel  with  One  Arrancbmekt  of  Two  Exciters  not  in  Paballkl 


very  high  values,  owing  to  the  time  element  involved  in  closing 
the  governors  and  in  demagnetizing  the  fields.  The  connections 
for  a  high-voltage,  high-current  relay  operating  in  connection 
with  one  exciter  and  one  T  A  regulator  are  shown  in  Pig.  17. 
The  relay  is  provided  with  a  current  coil  and  a  potential  coil, 
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and  will  automatically  reduce  the  excitation  on  the  exciters  in 
case  of  excessive  loads,  high  voltages,  or  any  other  cause  tending 
to  increase  the  voltage. 

Operating  Results.     The  result  of  installing  T  A  regulators  is 
shown  in  the  attached  charts,  Figs.  18  and  19,  taken  before  and 


after  the  installation  of  the  regulator.  With  much  greater  load 
fluctuations,  it  is  seen  that  the  variations  in  the  voltage  are 
practically  eliminated  by  the  introduction  of  the  regulator. 
A  type  T  A",  form  F  regulator  is  shown  in  Fig.  20,  Pl;tio  XCIII. 
The  K.  R.  System  of  Regulation.     This  system  of  regulation 
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is  for  use  where  the  excitation  for  the  generators  varies  con- 
siderably, and  where  at  the  same  lime  it  is  desirable  to  maintain 
a  constant  pressure  on  the  exciter  busbars,  so  that  current 
can  be  taken  therefrom  for  lighting,  operation  of  relays,  oil- 
switch  mechanisms,  etc. 

An  elementary  diagram  of  this  system  is  given  in  Fig,  21, 
By  referring  to  the  diagram  it  is  seen  that  three  buses  are  provided, 
the  upper,  which  can  l)c  called  the  field  bus,  while  the  others 
may  be  called  the  exciter  buses.  A  motor-driven  booster  is 
connected  across  the  two  upper  buses  as  shown,  its  object  being 
to  boost  or  buck  the  exciter  voltage  and  thus  vary  the  voltage 
applied  across  the  generator  fields  in  proportion  to  the  required 


Voltage  Regulator  with  One  Ar- 
IK   Parallel   in  Conjunction   with 


excitation,     without,    however,    varying    the    exciter    busbar 
jircssure. 

The  boosting  or  bucking  action  of  the  booster  is  effected  by  merely 
reversing  its  field,  this  in  turn  being  accomplished  by  reversing 
the  field  of  a  small  regulating  generator  or  exciter  which  is  direct- 
connected  to  the  booster.  One  terminal  of  the  field  of  the  regu- 
lating generator  is  connected  to  the  middle  point  of  a  storage 
battery  which  is  connected  across  the  exciter  busbars,  while  the 
other  terminal  of  the  field  is  connected  to  a  series  of  resistances 
as  shown  in  the  diagram,  this  series  of  resistances  also  being 
connectcti  across  the  exciter  busbars.  The  connection  is  made 
between   Ry  and  R^  and  a  T  A  regulator  is  connected  a^^^cj^s ''^^^ 
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terminals  of  resistance  Rz,  The  object  of  the  storage  battery  is 
simply  to  provide  for  a  neutral  point,  and  a  resistance  could 
equally  well  be  provided,  although  it  would  not  be  so  eflScient. 
The  values  of  the  resistance  units  are  such  that  i^i  >  -R2  and 
R%  -f-  Ri  >  Ri, 

The  operation  is  as  follows:  In  case  the  alternating-current 
busbar  voltage  tends  to  drop,  the  main  contact  circuit  of  the  regu- 
lator will  close,  this  in  turn  closing  the  relay  contacts  and  short- 
circuiting  resistance  Rz.  As  resistance  Ri  is  greater  than  R%, 
the  excitation  current  for  the  regulating  generator  field  will 
flow  from  the  lower  bus,  through  resistance  R%,  then  through 
the  field  and  hence  through  the  upper  half  of  the  storage  bat- 
tery to  the  middle  bus.  This  will  cause  the  booster  to  raise  the 
voltage  of  excitation,  thus  increasing  the  pressure  of  the  alter- 
nating bus,  until  it  reaches  the  value  for  which  the  regulator  is 
adjusted.  At  this  instant  the  regulator  main  contact  circuit 
opens,  thereby  opening  the  relay  contacts,  thus  releasing  the 
short  circuit  across  the  resistance  -R3.  The  resistances  Rz  +  -Rj, 
being  greater  than  Ru  will  cause  the  field  current  of  the  regula- 
ting generator  to  flow  from  the  lower  bus  through  the  lower  half 
of  the  battery,  then  through  the  field  and  hence  through  resist- 
ance i^i  to  the  middle  bus,  thus  in  opposite  direction  to  which  it 
was  flowing  before.  This  will  also  reverse  the  booster  field,  caus- 
ing it  to  lower  the  voltage  applied  to  the  generator  fields  and  the 
alternating-current  busbar  voltage  will  drop. 

This  action  of  opening  and  closing  the  regulator  main  contact 
circuit  takes  place  at  the  rate  of  from  300  to  600  times  per 
minute,  thereby  insuring  a  perfectly  constant  voltage  across  the 
alternating-ciuTcnt  busbars.  If  line  compensation  is  desired, 
it  can  also  be  arranged  for  in  the  same  manner  as  previously 
mentioned  under  T  A  regulators. 

Thury  Regulators.  The  Thury  regulator  which  is  generally 
used  in  Europe  is  primarily  intended  to  keep  the  generator 
voltage  constant  by  regulating  the  field  resistance.  In  order  to 
combine  rapidity  and  reliability  of  action  with  sensitiveness,  the 
field  rheostat  is  not  actuated  directly  by  the  fluctuations  in 
voltage,  but  is  operated  by  a  small  electric  motor  of  about  1/20 
h.p.,  the  regulating  mechanism  being  merely  brought  into  play 
or  stopped  by  the  fluctuations  of  voltage.  Fig.  22  is  a  diagram- 
matic sketch  of  the  voltage  regulator  for  alternating-current 
systems,  being  practically  identical  with  that  used  in  continuous- 
current  installations.    H  is  a  toothed  wheel  Iceyed  to  the  shaft 
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L  which  carries  the  switch  arm  of  the  rheostat.  P  is  a  casting 
which  is  rocked  to  and  fro  about  the  shaft  L  by  the  miniature 
motor  referred  to.  The  pawls  /  and  I'  are  attached  to  D  in 
the  manner  shown,  but  are  held  off  the  toothed  wheel  by  the 
spring-actuated  levers  K  and  K'.  Each  of  these  two  levers 
carries  a  projection  at  its  upper  end;  the  projection  on  K  passes 
nonnally  above  the  blade  C,  while  that  on  K'  rocks  to  and  fro 
underneath  this  blade.  Consequently,  when  the  blade  C  is 
lowered  or  raised  in  the  manner  presently  to  be  described,  it 
will  strike  against  K'  or  K  respectively,  thus  permitting  pawl  /' 
or  /  to  drop  into  the  teeth  of  the  wheel  H.  The  latter  is  now 
rotated  in  the  one  or  the  other  direction — thus  cutting  in  or 


HUATic  Sketch  of  Thurv  Reuulatok. 


cutting  out  field  resistance — until  the  blade  C  regains  its  hori- 
zontal position,  when  it  no  longer  strikes  against  X  or  X'.  Pawls 
/  and  r  are  then  drawn  by  spring-action  out  of  contact  with  the 
teeth  of  the  wheel  H. 

The  electromagnetic  mechanism  for  controlling  the  position 
of  the  blade  C  is  as  follows:  P  is  one  of  the  limbs  of  the  lamina- 
tions which  constitute  part  of  the  magnetic  circuit  through  which 
a  flux  is  maintained  by  the  coil  F.  A  very  light  coil  B,  connected 
across  the  busbars  whose  voltage  is  to  be  controlled,  is  free 
to  move  up  or  down  above  F,  the  movement  being  limited  by 
adjustable  stops  b  and  b'.  When  the  voltage  of  the  supply  is 
normal,  the  current  through  B  is  such  that  the  lever  E  carrying 
the  blade  £7  is  in  a  horizontal  position,  and  nothing  happei^. 
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But  when  the  supply  voltage  is  higher  or  lower  than  the  normal, 
then  a  correspondingly  larger  or  smaller  current  flows  through 
the  shunt  coil  B,  which  rises  or  falls  in  consequence  and  causes 
the  blade  C  to  move  into  the  way  of  the  oscillating  levers  K  and 
K',  thus  actuating  the  rheostat  as  previously  explained. 

The  coil  B  moves  against  the  tension  and  compression  of  the 
two  springs  A  and  R,  the  latter  being,  in  its  turn,  attached  to  the 
free  end  of  a  flat  spring,  O,  fixed  at  S.  The  free  end  of  0  is  also 
in  connection,  through  the  intervention  of  a  dash-pot  JV,  with 
the  pivoted  lever  M,  which  takes  up  a  position  in  accordance 
with  the  position  of  the  switch  arm  by  means  of  the  gearing 
shown.     This  arrangement  tends  to  steady  the  removal  of  coil 


Fic     23 — Diagram 


Reuilator. 


B  and  to  bring  it  back  speedily  to  its  horizontal  position  after 
having  been  deflected.  In  order  to  prevent  vibrations  of  the 
blade  C  in  regulators  for  alternating-current  or  where  the 
regulation  is  required  to  be  unusually  sensitive,  a  dash-pot,  Q, 
is  also  provided. 

Chapman  Regulator.  This  regulator,  a  connection  diagram 
of  which  is  shown  in  Fig.  23,  is  composed  of  three  distinct  parts, 
viz.,  a  voltmeter,  or  relay,  for  detecting  small  changes  of  voltage; 
a  rheostat  to  connect  into  the  field  magnet  circuit  of  the  generator 
to  be  regulated;  and  a  pair  of  working  solenoi(!s  to  operate  the 
rheostat. 

The  voltmeter,  or  relay,  consists  of  a  coil  of  wire  wound  on  a 
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brass  spool.  Inside  of  the  coil  is  a  thin  iron  disk  pivoted  at 
opposite  ends  of  its  diameter.  The  tendency  of  the  coil  is  to 
move  this  disk  to  an  angle  of  90  deg.  with  itself,  and  this  force  is 
opposed  by  a  spring,  the  tension  of  which  is  adjustable  by  a 
thumbscrew  below  the  coil.  The  turning  of  this  thumbscrew 
thus  enables  one  to  adjust  the  voltage  of  regulation.  The  disk  of 
the  relay  has  a  platinimi-tipped  spring  attached  to  it  which  is 
arranged  to  make  contact  with  one  or  another  of  two  platinum- 
tipped  screws  and  these  admit  current  to  one  or  another  of  two 
working  solenoids.  The  platinum  points  are  protected  from  dust 
by  a  metal  case  with  glass  top  fitting  on  the  top  of  the  brass 
spool.  A  resistance  lamp  is  placed  in  circuit  with  the  relay  coil, 
the  resistance  of  the  lamp  being  many  times  that  of  the  coil. 

The  rheostat  part  of  the  regulator  consists  of  a  set 
of  resistance  units  in  the  smaller  sizes  of  regulator  and  of 
cast-iron  grids  in  the  larger  sizes.  The  resistance  imits  are 
connected  to  a  set  of  contact  segments  arranged  in  the  arc  of  a 
circle  on  the  face  of  the  regulator,  and  a  lever  arm  carrying  the 
contact  shoes  moves  as  a  radius  to  the  circle.  The  contact  shoes 
are  pivoted  to  the  lever  arm  and  held  in  contact  with  the  seg- 
ments by  coil  springs. 

The  lever  arm  carrying  the  contact  shoes  is  part  of  a  beam 
lever  that  has  the  cores  of  the  working  solenoids  pivotally  con- 
nected to  its  two  ends.  These  working  solenoids  are  consuming 
no  current  except  when  the  regulator  is  called  upon  to  act, 
and  they  are,  therefore,  in  circuit  only  a  small  portion  of  the 
time.  These  solenoids  have  two  windings,  a  primary  and  a 
secondary,  both  wound  in  the  same  direction.  The  primary 
winding  alone  is  fed  with  live  current,  while  the  secondary  has 
a  current  induced  in  it  just  at  the  instant  of  rupture  of  the 
contact  points,  and  the  induced  current,  being  in  the  same  direc- 
tion as  the  live  current,  prevents  the  formation  of  an  induction 
spark  at  the  points  of  contact,  and  these  points,  being  sparkless, 
will  last  indefinitely. 

An  adjustable  dash-pot  is  attached  to  one  side  of  the  apparatus 
at  the  bottom.  This  adjusts  the  quickness  of  movement  of  the 
regulator  to  correspond  with  the  characteristics  of  the  generator 
to  be  regulated.  This  dash-pot  consists  of  a  brass  tube  having  a 
spline  extending  its  whole  length  on  the  inside.  A  groove  in 
the  piston  fits  this  spline,  and  whenever  the  tube  is  turned  it 
turns  the  piston  also,  and  opens  or  closes  ports  in  the  piston, 
which  allow  a  more  or  less  free  passage  for  oil  from  one  side  to 
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the  other  of  the  piston.  All  that  is  necessary  in  order  to  adjust 
the  dash-pot  is  to  turn  the  containing  tube  by  hand. 

The  relay  of  this  regulator  can  be  compound-wound  and  may 
thus  be  made  to  compensate  for  line  loss.  There  is  also  another 
way  of  compensating  for  line  loss  which  in  some  instances  is  more 
feasible  than  compounding  the  regulator,  and  that  is  to  connect 
the  relay  of  the  regulator  directly  to  a  pair  of  potential  wires 
coming  back  from  the  center  of  distribution. 

Booster  System.  A  system  used  in  Europe  is  shown  in  Fig.  24. 
The  main  feature  of  this  arrangement  is  a  constant  exciter  bus- 
bar pressure,  while  the  voltage  for  the  generator  field  excitation 
can  be  varied  by  means  of  varying  the  excitation  of  a  booster 
connected  in  series  with  the  generator  field  circuit. 


REGULATIKG  bCOSTER 


REQULATINO  RHEOtTAT 


FIELD  DU8EP 


*\  I-  EXCITER  BUSES 

CHARGING  DU8 


EXCITER 
STORAGE  BATTERY  Wj«^* ~ ^,K\li*^' 


Fig.  24 — Regulating  Booster  Control. 


The  system  consists  of  two  or  more  exciters  driven  by  separate 
prime  movers  and  adjusted  to  keep  a  constant  exciter  busbar 
pressure.  Their  design,  however,  is  such  that  by  manipulating 
their  rheostats  a  considerably  higher  voltage  than  normal  can 
be  obtained.  This  is  in  order  to  permit  of  charging  a  storage 
battery,  which  is  done  from  one  of  the  exciters,  this  being  con- 
nected to  a  charging  bus  so  as  not  to  interfere  with  the  busbar 
pressure. 

In  order  to  vary  the  voltage  across  the  generator  fields  one 
booster  regulating  generator  is  provided  for  and  direct-connected 
to  each  main  generator.  It  is  connected  in  series  with  the  gen- 
erator field,  and  the  booster  field  is  also  excited  from  the  exciter 
busbars  as  shown  in  the  illustration.  By  reversing  and  varying  the 
booster  field,  which  is  generally  done  by  a  inauually  operated 
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controller,  it  is  possible  to  vary  the  field  excitation  considerably — 
in  one  particular  instance  from  0  to  440  volts,  while  the  exciter 
busbar  voltage  is  kept  constant  at  220  volts. 

Different  Exciter  Arrangements 

Number  of  Units,  The  standard  practise  for  larger  stations 
has  in  the  past  been  to  provide  two  or  more  exciters  operating 
in  parallel,  and  of  sufficient  capacity  to  excite  all  the  generators 
in  the  station.  In  many  installations  one  or  more  spare  units 
have  also  generally  been  provided  as  reserve,  the  number  depend- 
ing on  the  capacity  of  the  generating  equipment. 

In  some  of  the  recent  developments,  however,  individual  ex- 
citers are  provided  for  each  main  generator,  each  exciter  having 
a  capacity  sufficient  for  exciting  its  own  generator  only.  The 
exciters  are  not  arranged  for  parallel  operation,  but  the  main 
generators  are  generally  operating  in  parallel,  being  arranged  for 
connection  to  a  common  bus,  which,  however,  can  be  section- 
alized  if  desired. 

Method  of  Drive,  Exciters  driven  by  independent  prime 
movers,  either  waterwheels  or  steam  engines,  are  generally 
found  in  almost  all  large  installations.  While  in  some  modem 
developments  they  are  used  entirely  for  furnishing  the  excitation, 
in  others  they  are  generally  kept  as  reserve,  and  the  excitation  is 
normally  obtained  from  motor-driven  units.  It  is  obvious  that 
a  material  saving  can  be  accomplished  by  reducing  the  number 
of  exciters  driven  by  separate  prime  movers  to  a  minimum.  This 
is  especially  true  in  hydroelectric  developments  where  the  cost 
of  the  hydraulic  part  of  such  an  equipment  is  very  high.  Separate 
pipe  lines  are  preferable  for  the  exciter  turbines  as  the  tapping 
of  the  penstocks  for  the  main  units  may  seriously  interfere 
with  the  constant  speed  of  the  exciters,  due  to  the  fluctuating 
water  supply  for  the  main  units,  as. the  load  varies. 

A  view  of  a  station  containing  two  400-kw.  250-volt  vertical 
waterwheel-driven  exciters  for  exciting  a  number  of  large 
generators  is  shown  in  Fig.  25. 

Another  method  of  drive  is  to  have  the  exciters  either  direct- 
connected  or  belted  to  the  main  generators.  One  of  the  objec- 
tions to  this  method  is  the  speed  variation  of  the  main  units, 
which  naturally  also  affects  the  exciters.  Another  objection  is 
that  a  trouble  in  the  exciter  unit  involves  the  shutting  down  of 
the  large  generating  unit.  Couplings,  etc.,  can,  however,  be 
provided,  for  readily  disconnecting  the  exciter  from  the  main 
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units,  and  the  generator  can  be  excited  from  the  other  exciter 
units,  which  can  be  provided  with  some  reserve  capacity  over 
what  would  be  required  for  normal  operation.  A  generator 
of  the  horizontal  design  with  a  direct-connected  exciter  is 
shown  in  Fig.  26,  and  one  of  the  vertical  design  in  Fig.  27. 

The  system  which  seems  to  be  most  generally  used  is  the  one 
where  the  exciters  are  driven  both  by  prime  movers  and  motors. 
While  both  drives  are  occasionally  used  at  the  same  time  by 
coupling  the  turbine  or  engine  to  one  end  of  the  exciter  and  a 
motor  to  the  other,  separate  drives  are,  however,  mostly  used. 
In  case  of  the  combination  method  either  the  prime  mover  or 
the  motor  will  have  to  run  idle,  unless  methods  are  provided 
for  mechanically  disconnecting  them  from  the  exciter. 

With  separate  drives,  enough  motor-driven  exciters  are  gen- 
erally provided  for  exciting  tjie  total  generating  capacity  and 
the  exciters  driven  by  prime  movers  are  used  as  reserve  and  in 
starting  up  the  system.  This  arrangement  will  therefore  give 
two  indei:)endent  sources  of  excitation,  and  in  larger  stations 
it  might  even  be  advisable  to  i:)rovide  two  or  more  exciters 
driven  by  prime  movers. 

In  certain  of  the  recent  installations  one  small  induction-motor- 
driven  exciter  is  provided  for  each  generator,  the  current  for  the 
motors  being  supplied  by  separate  alternating-current  low- voltage 
generators,  driven  by  independent  prime  movers  so  as  to  insure 
a  perfect  operation  free  from  fluctuations  in  speed.  Sometimes 
provision  is  also  made,  whereby  these  auxiliary  generators  can 
be  driven  by  motors  connected  to  the  main  buses,  or  also 
whereby  the  motors  of  the  exciters  can  be  connected  through 
transformers  and  also  fed  from  the  main  busbars.  A  small 
induction-motor-driven  exciter  set  is  shown  in  Fig.  28. 

Different  Systems  of  Connection,  The  system  of  connections 
for  an  exciter  equipment  varies  widely  in  diflFcrent  installations 
depending  upon  the  layout  of  the  station,  the  number  of  units, 
the  method  of  drive  and  other  special  requirements  which  must 
be  provided  for,  such  as  lighting,  storage  batter}'  charging,  etc. 
It  is  therefore  difficult  to  give  specific  rules  for  any  particular 
system  to  be  selected,  but  in  the  following  will  be  given  a  des- 
cription of  a  number  of  systems  which  are  in  general  use. 

The  diagram  shown  in  Fig.  29  represents  a  system  where 
three  prime-mover-driven  exciters,  operating  in  ])arallel,  are 
feeding  into  one  common  exciter  bus  extending  along  all  the 
alternating-current  generators.     Each  generator    field  is  then 
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Fig.  25— Power    Station    Containing   Two  400-kw..   250-volt 
Waterwheel-Drive.s-  Vertical  Exciters  for  Excitation  of  Several 

Larue  Alternat[N(;-Ci:rrf.nt  Generators. 


Generator  with  Direct-Con sected  G.xciter 


Fig.  27 — Vertical  Generator  with  Direct-Connected  Exciter. 
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connected  directly  to  this  bus,  the  pressure  of  which  is  generally 
regulated  by  means  of  automatic  regulators,  although  it  can  also 
be  done  by  manual  manipulation  of  the  exciter  rheostats.  In 
each  generator  field  circuit  is  also  provided  a  rheostat  so  that  a 
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Fig.  30 — System  of  Connections. 


separate  adjustment  of  the  field  excitation  for  the  different 
generators  can   be   accomplished. 

In  Fig.  30  are   shown   the   connections   of   another   system 
in  which  the  exciters  are  also  operating  in  parallel  on  a  com- 
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mon  excitation,  but  where  they  are  driven  by  induction 
motors  fed  from  the  low- tension  main  bus.  Two  buses  are 
shown  for  the  motors,  one  being  the  running  bus  and  the 
other  the  starting  bus,  the  reduced  voltage  of  which  is  ob- 
tained from  taps  of  an  auto-transformer.  In  a  system  of  this 
kind  some  means  must  be  provided  for  obtaining  direct  current 
when  starting  up  the  system.  For  this  reason  a  small  exciter 
s  usually  installed,  being  sometimes  driven  by  a  gasolene  engine 


UOHTNINO  ARRESTER 

0I8CONNECTINO  SWrTCH    - 

CURRENT  TRANSFORMER    *j(] 

A  RELAYS  r^J 

OIL  SWITCH  LJJ 

DI5CONNECTIN0  SWITCH     9 

88000  V    BUS 
OlSCONNECTINCi  SWITCH 

OIL  SWITCH 

SERIES  T-qiP 

DISCONNECTING  SWITCH 
OIL  SWITCH 
TRANSFORMER  r^  V 

TRANSFER  BUS      6000  V 
OISCONNECTINO  SWITCH 

OIL  SWITCH 
COMPENSATOR 


OIL  SWITCH 


A.C.  GENERATOR 


SOLENOID  OPERATING  SWITCH 
LEVER  SWITCH 
EXCITING  BUSES 


ELy.-.iU.-=li.. 


TO  «T0RA3E 
BATTERr 


Fig.   31 — System  of  Connections. 


or  also  belted  to  one  of  the  main  units.  A  storage  battery  would 
of  course  also  serve  this  purpose  well. 

A  system  using  both  a  separate  waterwheel-driven  and  a  motor- 
driven  exciter  is  shown  in  Fig.  31.  The  waterwheel-driven  ex- 
citer is  then  generally  used  when  starting  up  and  for  reserve, 
while  the  motor-driven  unit  is  used  for  normal  operation.  Both 
units  can,  of  course,  be  operated  in  parallel  if  desired. 

A  system  of  more  flexibility  is  shown  in  Fig.  32.  Two  positive 
and  one  negative  exciter  buses  are  provided  and  by  means  of 
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double-throw  switches  it  is  possible  to  connect  the  exciters  to 
either  bus  and  also  to  excite  the  generator  fields  from  either  bus. 
If  it  is  desired,  two  different  exciter  voltages  can  be  maintained 
by  operating  one  exciter  on  either  bus.  One  exciter  can  also 
furnish  the  current  for  the  excitation  and  the  other  the  current 


for  lighting,  etc.  The  fluctuation  in  the  exciter  voltage  caused 
by  an  automatic  regulator  connected  to  the  first-named  machine 
wovdd  therefore  not  be  felt  on  the  auxiliary  or  lighting  bus, 
the  pressure  of  which  could  be  kept  constant.  A  similar  arrange- 
ment is  shown  in  Fig.  33,  with  the  exception  that  both  sets  of 
buses  are  double-pole. 
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In  the  arrangement  shown  in  Fig.  34  one  motor-driven  exciter 
is  provided  for  each  generator.  The  exciters  are  not  intended 
to  operate  in  parallel  and  one  automatic  regulator  is  provided 
for  each  exciter.  In  general,  the  reason  for  operating  a  number 
of  units  with  the  exciters  not  in  parallel  is  on  account  of  the  pos- 
sibility of  an  accident.  In  systems  where  one  or  more  large 
exciter  units  are  provided,  the  operation  of  a  large  part  of  the 
system  may  be  materially  affected  if  one  exciter  unit  is  shut 
down,  while,  in  the  event  one  of  the  smaller  units  becomes  dis- 
abled, the  operation  of  the  system  will  not  be  affected  to  such 
a  great  extent. 

The  possibility  of  compensating  for  cross-currents  between 
the  machines,  as  previously  explained,  is  also  one  of  the  reasons 
for  selecting  this  system. 


The  motors  driving  the  exciters  are  fed  either  from  the  main 
bus  or  from  the  two  auxiliary  watcrwheei- driven  generators, 
thus  giving  two  independent  systems.  In  another  installation, 
the  auxiliary  generators  are  provided  with  combination  drive, 
i.e.,  they  can  be  driven  either  by  waterwheels  or  by  induction 
motors  fed  from  the  main  buses.  In  this  particular  case,  how- 
ever, the  individual  exciter  sets  are  not  intended  for  being  driven 
directly  from  the  main  buses  as  in  the  systems  shown  in  Fig. 
34. 

Storage  Batteries.  The  use  of  storage  batteries  in  connection 
with  exciters  has  of  late  been  increasing  considerably.  The 
advantages  of  such  a  combination  are  obvious,  as,  with  the  failure 
of  the  exciters  for  some  reason  or  other,  the  storage  battery  would 
automatically  keep  up  the  excitation.     The  storage  battery  is 
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generally  floating  on  the  exciter  buses,  the  pressure  of  which  is 
kept  constant.  A  separate  exciting  bus  is  provided  and  between 
this  bus  and  one  of  the  exciter  busbars  a  booster  is  installed 
which  can  be  operated  to  either  raise  or  lower  the  voltage,  its 
field  being  controlled  by  an  automatic  voltage  regulator.  The 
voltage  fluctuation  is  therefore  entirely  on  the  exciting  buses, 
being  caused  by  varying  the  booster  voltage  by  means  of  the 
regulator,  while  the  voltage  of  the  exciter  busbars  is  kept  con- 
stant. 

In  case  of  failure  of  the  exciters  the  excitation  would  be  fur- 
nished by  the  storage  battery,  and  the  booster  in  connection 
with  the  regulator  would  take  care  of  the  voltage  regulation. 
Should  the  booster  be  disabled,  provisions  are  made  whereby  it 
can  be  short-circuited  and  the  system  operated  without  the 
regulator. 

In  the  diagram,  Fig.  35,  are  shown  the  connections  of  such 
a  system. 

The  author  desires  to  acknowledge  the  assistance  of  Mr.  E.  A. 
Lof  in  the  preparation  of  this  paper. 
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Discussion  on  *'  Excitation  of  Alternating-Current 
Generators  '*  (Rushmore),  Boston,  Mass.,  June  28, 
1912. 

B.  G.  Lamme:  I  have  only  a  few  points  to  bring  up  in 
connection  with  this  paper.  On  page  1842  is  a  table  which  I 
did  not  understand.  For  example,  the  constants  given  for 
single-phase  and  three-phase  windings  do  not  agree,  and  yet 
very  frequently  three-phase  windings  are  used  to  give  single- 
phase.  However,  I  may  not  understand  how  these  constants 
are  used.  In  the  method  of  calculation  which  I  have  been  using, 
I  do  not  have  any  fixed  constants.  I  first  work  out  the  magnetic 
field  distribution.  From  this  I  then  derive  the  constants  for 
each  individual  case.  The  use  of  a  constant  is  all  right  in  the 
hands  of  a  skilful  designer,  if  he  knows  how  it  is  derived,  but  in 
special  designs  it  is  likely  to  be  misleading.  The  table  given 
probably  refers  to  a  standard  type  of  machine  in  which  the 
constant  has  been  determined,  and  has  been  proved  to  be 
constant  in  all  cases. 

A  second  point  is  the  value  of  Kw,  the  winding-pitch  factor, 
that  is  shown  on  page  1843.  The  curve  shown  is  part  of  what 
is  practically  a  sine  curve.  It  is  so  close  to  a  sine  that  it  *s  almost 
impossible  to  find  the  difference. 

On  page  1845  the  **  Range  of  Excitation  "  is  referred  to,  where 
it  is  stated  that  **  with  125  volts  excitation,  the  voltage  should 
therefore  not  be  allowed  to  exceed  125  volts  at  maximum  load, 
80  per  cent  power  factor,  and  the  corresponding  no-load  exci- 
tation should  be  about  70  volts.'*  That  statement  can  apply 
only  to  fairly  well  regulating  machines;  but  for  high-speed 
machines  such  as  turbo-alternators  where  the  regulation  is  made 
purposely  rather  bad,  the  ratio  of  70  to  125  is  much  too  small, 
and  we  find  in  practise  that  50  volts  at  no-load  is  about  right, 
with  110  at  full  load,  which  leaves  a  little  margin  for  rheostat. 

On  page  1847,  ''  Exciters  with  Commutating  Poles,"  it  is 
stated,  "  The  reason  for  this  is  generally  due  to  the  fact  that  a 
commutating-pole  machine,  when  flat-compounded  at  125  volts, 
has  a  rising  characteristic  when  operated  at  voltages  less  than 
normal."  I  think  that,  while  that  is  frequently  true  in  practise, 
it  is  not  necessarily  true ;  because  it  is  due  partly  to  the  fact  that 
a  machine  at  125  volts  is  usually  worked  farther  over  the  bend 
of  the  saturation  curve  than  at  lower  voltages.  Part  of  the  over- 
compounding  may  be  due  to  the  presence  or  absence  of  local  cur- 
rents in  the  coils  short-circuited  by  the  brushes.  When  a  machine 
with  commutating  poles  is  operated  as  a  motor,  and  the  commuta- 
ting poles  are  over-excited,  the  main  field  of  the  machine  is  weak- 
ened as  the  load  goes  on,  due  to  the  local  currents  under  the 
brushes.  If  it  is  operated  as  a  generator,  the  local  currents  will 
tend  to  strengthen  the  field  and  compound  it.  At  80  volts,  for  in- 
stance, the  magnetic  circuit  is  less  saturated  than  at  125  volts. 
If  part  of  the  saturation  lies  in  the  yoke  of  the  machine,  which  is 
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usually  the  case,  then  this  saturation  will  affect  the  magnetic 
circuit  of  the  commutating  pole,  and  more  commutating  pole 
ampere- ttmis  are  required  at  125  volts  than  at  80  volts.  There- 
fore the  commutating  pole  will  be  over-excited  at  the  lower  sat- 
tirations,  and  the  local  currents  will  tend  to  compoimd  the 
machine.  But  I  have  seen  many  machines  in  which  there  was 
no  evidence  of  this  compoimding  action. 

On  page  1867  reference  is  made  to  the  use  of  one  exciter 
for  each  generator.  That  has  been  the  practise  in  many  large 
European  stations,  but  judging  from  my  experience,  it  is  not 
an  advisable  arrangement  in  general.  I  think  a  better  scheme 
is  to  put  in  one  or  two  large  independent  exciters,  to  excite  all 
the  machines.  However,  if  individual  exciters  are  used,  they 
can  be  adjusted  to  operate  without  rheostats  in  the  main  fields. 
With  turbo-alternators,  however,  the  total  loss  in  the  exciting 
circuit  is  generally  so  low  that  the  rheostatic  loss  does  not 
make  much  difference.  There  is  some  demand  for  large  ttu*bo- 
altemators  with  an  exciter  with  each  machine,  but  it  is  a  practise 
that  I  do  not  think  is  right,  and  I  have  objected  to  it,  so  far 
as  I  could. 

H.  M.  Hobart:  This  morning  there  seemed  to  be  a  pretty 
general  agreement  that  it  was  better  to  have  the  ventilating 
apparatus  distinct  from  the  generator;  that  the  generator  could 
then  be  designed  so  as  to  be  better  for  its  purpose,  and 
the  ventilating  apparatus  for  its  purpose.  I  think  the 
same  argument  applies  in  the  case  of  the  exciter.  The  plan  of 
employing  direct-connected  exciters  is  very  disadvantageous, 
from  various  standpoints.  It  is  hard  to  conceive  of  a  worse 
practise,  for  obvious  reasons  which  I  will  not  take  time  to 
review.  It  is  desirable  to  ascertain  whether  there  is  any  clearly 
defined  common  agreement  among  engineers  who  have  studied 
the  subject  thoroughly,  as  to  having  independent  exciters. 
Mr.  Lamme  has  voiced  his  opinion  that  that  is  the  only  reason- 
able thing  to  do,  and  if  others  would  give  their  support  to  this 
plan  I  think  it  would  help  to  discourage  men  from  concluding 
that  their  individual  requirements  would  justify  them  in  using 
direct-connected  exciters. 

J.  Lester  Woodbridge:  On  page  1847  the  statement  is  made 
that  compound  exciters  are  preferable,  the  main  reason  for  this 
being  that  better  parallel  operation  is  obtained  with  compound 
windings,  this  being  especially  true  where  two  or  more  machines 
of  different  size  are  to  be  operated  in  parallel.  I  suppose  that 
refers  to  the  question  of  stability,  or  the  equal  division  of  load 
between  two  machines,  but  I  do  not  see  how  compound  winding, 
that  is,  the  series  windings,  can  improve  the  stability  over 
what  would  be  obtained  with  shimt- wound  machines,  connected 
in  parallel.  The  cause  of  instability  in  compound- wound 
machines  operating  without  equalizing  connections  is  the  fact 
that  if  any  disturbance  occurs  in  one  machine,  such  as  a  change 
in  speed,  which  causes  local  currents  to  circulate  between  the 
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machines,  the  result  is  aggravated  by  the  series  windings.  By 
using  the  equalizing  connection,  the  same  stability  results  as  is 
obtained  with  two  shimt-wound  machines  without  the  series 
winding,  provided  the  equalizing  connection  has  practically 
zero  resistance.  Any  departure  from  this  last  assumption  intro- 
duces some  instability,  due  to  the  fact  that  some  of  the  local 
current  will  flow  through  the  series  windings.  Therefore  I 
do  not  see  how  any  better  stability  can  be  obtained  with  the 
compound  winding  than  is  inherent  in  two  shunt-wound  machines 
operated  in  parallel. 

E.  A.  Lof :  With  regard  to  Mr.  Lamme's  remarks  as  to  the 
advisability  of  using  a  few  large  units  rather  than  a  number  of 
small  ones,  there  may  also  be  objections  to  such  an  arrangement. 
In  one  large  central  station  the  exciter  equipment  consists  of 
both  waterwheel-driven  and  motor-driven  exciters,  the  latter 
being  intended  for  the  normal  operation.  Considerable  trouble 
has  been  experienced  from  the  motor-driven  imit  falling  out  of 
step,  thus  shutting  down  the  whole  system.  This,  however, 
might  not  have  been  the  case  if  the  exciter  unit  had  been  driven 
by  an  induction  motor  instead  of  a  synchronous  motor.  With 
a  ntunber  of  small  motor-driven  exciter  units,  preferably  operated 
from  a  separate  alternating-current  source,  such  a  complete 
shut-down  would,  of  course,  be  very  remote,  and  this  is  evidently 
the  reason  why  such  a  system  of  excitation  has  been  provided 
in  a  number  of  recent  installations  of  the  largest  capacity. 
In  one  particular  plant  which  contained  two  or  three  large 
exciters  the  original  equipment  has  been  discarded  and  one 
small  motor-driven  unit  has  been  installed  for  each  main  genera- 
tor. 

With  reference  to  the  single-phase  slot  factors,  these  values 
are  tmder  the  assumption  that  the  winding  is  distributed  over 
the  whole  armature.  If  part  of  the  slots  are  not  occupied,  the 
breadth  of  the  winding  is  reduced  and  the  values  should  be 
increased  to  approximately  those  given  for  a  two-phase  winding. 

B.  G.  Lamme :  In  my  remarks  I  did  not  refer  to  a  number 
of  small  exciters  as  compared  with  a  large  one,  but  to  two  large 
exciters  direct-connected  with  the  generators. 

Lester  McKenney:  I  wish  to  emphasize  the  necessity,  where 
automatic  voltage  regulators  are  to  be  installed,  of  using  exciters 
designed  especially  for  the  purpose.  It  is  of  the  greatest  im- 
portance that  the  exciters  have  a  voltage  range  considerably 
in  excess  of  the  maximum  excitation  requirements,  that  the 
range  of  excitation  required  by  the  alternator  be  narrow  and 
that  the  time  element  of  the  alternator  and  exciter  combined 
be  as  short  as  possible;  as  upon  these  things,  largely,  depends 
the  success  of  automatic  voltage  regulation. 

A  considerable  margin  of  exciter  voltage  is  desirable,  as 
when  the  maximum  voltage  of  the  exciter  is  called  for,  the  relay 
contacts  remain  closed  and  voltage  regulation  is  no  longer  ob- 
tained.   When  operating  near  the  maximum  voltage  the  density 
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in  the  fields  becomes  high  and  large  variations  in  field  current  are 
required  for  small  variations  in  voltage,  the  time  element  is 
increased,  and  the  operation  becomes  in  general  imsatisfactory. 

A  time  element  of  less  than  from  four  to  six  seconds  is  desir- 
able, providing  it  is  not  obtained  by  the  use  of  excessive  resist- 
ance in  the  exciter  field  rheostat,  which  greatly  increases  the 
duty  of  the  relay  contacts  and  impairs  the  operation  of  the 
regulator.  The  series  field  excitation  should  be  limited  to  about 
30  per  cent  of  the  total,  as  with  higher  percentages  shunt  field 
rheostats  of  excessive  resistance  are  required  for  reducing  the 
exciter  voltage  to  the  required  minimum  in  a  reasonable  length 
of  time. 

In  a  great  many  cases,  where  automatic  voltage  regulators 
have  been  installed,  the  results  have  been  disappointing,  due 
to  the  lack  of  a  proper  appreciation  of  the  instantaneous  effect 
of  the  armature  resistance  and  reactance  upon  the  alternator 
voltage  and  of  the  effect  of  the  time  element  introduced  by  the 
inductance  of  the  alternator  and  exciter  field  windings.  When 
these  points  are  given  consideration  it  will  be  evident  that 
momentary  fluctuations  of  voltage  are  to  be  expected  during 
unusual  disturbances. 

It  wotild  seem,  other  things  being  the  same,  that  compound- 
woimd  exciters  would  be  somewhat  more  sluggish  in  their  action 
than  shimt-woimd  exciters,  due  to  the  damping  effect  of  the 
local  circuit  formed  by  the  series  field  winding  and  the  external 
shunt.  This,  of  course,  applies  only  in  automatic  voltage 
regulation  where  the  exciter  field  strength  is  varied  as  rapidly 
as  possible  from  one  value  to  another. 

It  is  advisable,  where  belted  exciters  are  used  in  connection 
with  automatic  regulators,  to  make  the  pulleys  of  more  liberal 
proportions  than  are  usual  in  ordinary  applications,  as  the 
exciters  are  subject  to  higher  excitation  and  greater  overloads 
in  time  of  trouble. 


A  paper  Presented  at  the  2dth  Annual  Con- 
9ention  of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28.  1912. 

Copyright.  1912.    By  A.  I   E.  E. 


LOCALIZERS,   SUPPRESSORS,   AND   EXPERIMENTS 

Application  of  Localizers  of  Faulty  Feeders  and  an 
Arcing  Ground  Suppressor  to  the  System  of  the 
Public  Service  Electric  Co.,  and  Descriptions 
OF  Several  Experimental  Studies 
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The  object  of  this  paper  is  expressed  briefly  in  the  title.  The 
localizer  is  a  special  type  of  relay  which  is  connected  to  the 
current  transformers  of  each  feeder.  When  an  accidental  con- 
tact or  arc  occurs  between  one  phase  and  ground  on  any  feeder, 
the  localizer  of  that  feeder  lights  a  signal  lamp  and  sounds  an 
alarm  in  the  switchboard  room. 

The  localizer  is  part  of  the  general  scheme  of  protection  of 
cable  systems.  It  is  used  especially  in  connection  with  the 
arcing  ground  suppressor.*  The  arcing  ground  suppressor 
extinguishes  an  accidental  arc  from  one  phase  to  ground  in  a 
small  fraction  of  a  second  after  it  forms.  The  localizer  indicates 
the  feeder  that  is  faulty.  The  switchboard  attendant  may 
leisurely  substitute  a  spare  feeder  for  the  faulty  one  and  clear 
the  circuit  of  the  fault  without  an  interruption  of  service. 

The  Public  Service  Company  of  New  Jersey  covers  the  entire 
state.  There  arc  three  systems,  namely,  the  northern,  middle 
and  southern.  The  tests  were  made  on  the  northern  system. 
On  this  system  are  both  overhead  and  underground  transmis- 
sions. There  are  47  miles  of  cable  operating  at  60  cycles,  as 
much  more  at  25  cycles,  and  32  miles  of  spare  cable.  There  are 
72  miles  of  open  wiring  on  poles  used  exclusively  on  the  60-cycle 
system.  The  generated  potential  is  13,200  volts  and  the  gener- 
ators are  directly  connected  to  the  lines.     There  are  several 

♦See  Transactions,  A.  I.  E.  E.,  1911,  Vol.  XXX,  I,  page  257. 
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power  plants  and  two  systems  at  different  frequencies  which  are 
operated  together  at  times  through  a  frequency  changer.  All 
the  tests  herein  described,  however,  were  made  at  the  Marion 
Station,  using  only  one  generator  of  9000  kw.  capacity. 

Some  idea  of  the  extent  of  the  60-cycle  system  may  be  gleaned 
from  the  value  of  the  electrostatic  grounding  current.  When  a 
contact  is  made  between  one  phase  and  ground  the  unbalanced 
condenser  current  rises  to  60  amperes  (measured) .  The  momen- 
tary rush  of  current  to  ground  is,  naturally,  many  times  greater. 
The  Remarkable  Changes  in  Potentials  by  Grounding.  When 
there  is  no  ground  on  the  system  the  potential  from  each  phase 
to  ground  is  the  Y  potential  (7600  volts).  This  is  shown  in 
Fig.  1  by  the  lines  01,  02  and  03.  When  phase  2  is  brought 
in  direct  contact  with  the  ground  its  potential  to  ground  is 
zero  and  the  potentials  of  phase  1  and  phase  3  to  the  ground  is 

tne  deka  potential,  13,200  volts. 
^^  Without  special  consideration  one  is 
inclined  to  assume  that  when  there 
is  a  medium  value  of  resistance  in- 
terposed between  phase  2  and  ground, 
the  potentials  to  ground  will  be 
represented  by  some  such  inter- 
mediate values  as  phase  1,  phase 
2  and  phase  3,  Fig.  1.  This,  how- 
Pj^    j  ever,   is  far  from  true.     This    was 

first  noticed  from  the  behavior  of  the 
selective  relay  of  the  arcing  ground  suppressor.  When  one 
phase  of  a  circuit  was  grounded  through  a  relatively  high 
resistance  there  was  no  movement  of  the  corresponding  arm  of 
the  selective  relay,  but  the  arm  corresponding  to  one  of  the 
other  phases  moved  toward  its  contact.  Much  to  our  dismay 
we  found  that  this  effect  promised  to  put  a  limit  on  the  maxi- 
mum sensibility  at  which  the  selective  relay  could  be  set  to 
operate. 

The  actual  potentials  from  each  phase  to  ground  are  shown  in 
Fig.  2  for  all  values  of  grounding  current.  These  measurements 
were  obtained  by  varying  the  resistance  from  phase  2  to  ground 
by  means  of  a  water  rheostat.  A  remarkable  condition  is  shown. 
When  the  resistance  is  gradually  decreased  from  an  infinite 
value  the  potential  of  the  grounded  phase  shows  scarcely  any 
change.  But  the  potential  of  phase  3,  which  is  not  being  grounded, 
shows  a  gradually  diminishing  value  until  the  current  reaches 
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16  to  20  amperes,  then  it  gradually  increases.  Over  the  total 
range  of  grounding  current,  the  potential  of  phase  1  to  ground  very 
consistently  increased,  but  not  along  a  straight  line.  Before  a 
dead  ground  is  reached  the  potential  of  phase  1  rises  to  a  value 
actually  greater  than  the  delta  potential  of  the  circuit.  When 
the  resistance  to  ground  reaches  zero,  phases  1  and  3  both  assume 
the  delta  potential.  In  considering  the  potential  of  phase  3, 
attention  is  directed  to  the  impossibility  of  setting  the  selective 
relay  for  a  drop  in  potential  of  less  than  19  per  cent,  as  such  a 
setting  would  cause  the  relay  to  close  the  wrong  switch  of  the 
arcing  ground  suppressor.  This  condition  of  the  relay  applied 
to  cable  systems  has  no  significance,  nor  importance.     Fatilts 
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amperes  phase  two  to  ground 
Fig.   2— Variation    in  V^oltage  of  Each  Phase  to  Ground  as  Cur- 
rent, Phase  2  to  Ground,  Varies. 

Curves  from  test  data,  readings  27  to  49.  Aug.  22.  1911. 


in  a  cable  develop  immediately  into  a  condition  of  low  resistance. 
This  matter  of  resistance  of  accidental  grounds  will  be  treated 
in  more  detail  farther  on  in  the  paper. 

The  volt-ampere  relation  of  the  different  phases  relative  to 
earth  are  shrouded  in  a  mist  of  mystery  when  plotted  in  rectan- 
gular coordinates.  This  mist  is  immediately  dissipated  if  the 
plot  of  the  data  of  potentials  is  made  on  a  triangle  of  the 
three  phases.  As  a  basis  to  justify  this  method  we  know  from 
measurements  that  the  generator  continues  to  generate  the  same 
potential  between  phases  independent  of  the  presence  or  absence 
of  an  accidental  ground.  Since  we  are  not  treating  of  transient 
effects  at  present,  it  must  be  understood  that  the  foregoing  state* 
ment  is  not  intended  to  apply  to  the  first*  ms\;a.t\X  \}cvaX  ^  'gtosvaxA 
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appears.  Under  normal  conditions  of  load,  then,  the  delta 
potentials  are  not  materially  disturbed  by  a  ground  on  one 
phase.  This  means  that  the  points  1,  2  and  3  of  the  triangle  in 
Fig.  3  are  fixed  and  the  potential  of  each  phase  to  ground  may 
be  plotted  from  its  comer.  Since  the  earth  potential  itself  is 
the  same  for  all  three  phases,  the  length  of  the  lines  from  the 
three  corners  must  meet  in  a  point.  Plotting  the  simtiltaneous 
potentials  of  the  three  phases  gives  a  semi -circle  on  the  Y 
potential  as  a  diameter.  For  a  particular  condition  of  resistance 
to  ground  the  point  p  is  given.  The  potential  from  phase  1 
to  ground  is  represented  by  the  length  of  the  line  1  />.  The 
direction  of  this  line  indicates  its  phase  relation.  Likewise  the 
potential  from  phase  3  to  ground  is  represented  by  the  line  3  p. 
In  the  potential  from  phase  2  to  ground,  represented  by  the  line 
2  />,it  is  known  that  the  current  is  in  phase  with  the  electromotive 
force.  This  potential  is  in  the  drop  across  the  resistance  situated 
between  phase  2  and  ground.  By  actual  measurement  it  was 
found  that  during  these  tests  the  generator  continued  to  generate 
the  normal  value  of  Y  potential  which  is  represented  by  the  line 
02.  From  fundamental  considerations  it  is  known  that  the  Y 
potential  02  must  be  the  vector  sum  of  the  resistance  drop  p  2 
and  the  reactance  drop  0  p. 

Since  there  is  no  inductance  in  this  circuit  the  angular  dis- 
placement of  the  current,  which  is  in  phase  with  the  line  P  2, 
must  be  due  to  capacity  in  the  circuit. 

The  question  arises,  which  electrostatic  capacity  comes  into 
play  to  cause  this  angular  advance  of  the  current?  The  capacity 
in  question  is  evidently  not  the  capacity  of  phase  2  to  ground. 
Conditions  are  represented  in  a  simplified  form  in  Fig.  4.  In 
this  figure  the  capacities  between  the  three  conductors  are  not 
shown  because  the  charging  currents  between  conductors,  except 
for  transitory  effects,  remain  practically  constant  whether  a 
phase  is  grounded  or  not,  since  the  potentials  between  the  phases 

m 

remain  constant.  In  other  words,  an  artificial  separation  of  the 
different  capacities  is  made  for  the  sake  of  convenience.  Return- 
ing to  the  consideration  of  phase  2,  the  resistance  between  this 
phase  and  ground  is  in  parallel  with  its  capacity  to  ground.  After 
the  first  moment,  the  current  which  flows  in  the  resistance 
comes  directly  from  the  generator  and  not  from  the  condenser 
2.  The  current  which  flows  through  the  resistance  to  the  sheath 
returns  to  the  generator  through  the  condensers  1  and  3.  The 
potential  0pm  the  diagram  Fig.  3  is  the  vector  potential  drop 
across  the  condensers  in  series  with  the  resistance. 
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The  current,  then,  that  flows  through  the  resistance  from  phase 
2  to  ground,  returns  not  only  by  phases  1  and  3  of  the  grounded 
cable  but  also  by  the  same  phases  of  all  the  other  cables  through 
their  electrostatic  capacity  to  ground.  In  this  way  it  is  seen,  from 
one  viewpoint,  that  current  goes  out  from  the  generator  on  the 
phase  of  the  grounded  cable,  to  a  value  in  this  case  of  60  amperes, 
and  returns  in  a  subdivided  form  by  being  distributed  among  all 
the  cables.  From  another  viewpoint,  a  current  flows  out  in  one 
of  the  current  transformers  of  the  grounded  cable  which  does  not 
return  through  two  adjacent  transformers  on  the  other  phase 
of  the  same  cable.  This  makes  the  sum  of  the  currents  in  the 
three  transformers  not  equal  to  zero.  This  unbalanced  condition 
produces  the  current  in  the  localizer  relay  which  causes  it  to 
operate.  It  should  be  noted 
that  the  same  condition 
holds  only  to  a  lesser  extent 
in  all  the  other  cables 
which  are  not  grounded. 

n?«V)  VOLTS 
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The  relations  of  the  j^otcntials  to  the  current  expressed  in  the 
rectangular  coordinances  of  Fig.  2  are  worked  out  mathematic- 
ally from  the  diagram  of  Fig.  3  and  are  given  in  the  summary  of 
this  paper.  It  may  be  evident  to  some  engineers  that  this  whole 
matter  could  have  been  worked  out  symbolically.  The  experi- 
mental method  used  with  the  interpretation  of  the  data  is  much 
more  trustworthy  than  the  symbolical  method,  however,  on 
account  of  the  difficulties  in  obtaining  by  abstract  analysis  all 
the  factors  involved. 

In  Fig.  5  the  conditions  are  shown  for  two  values  of  resistance. 
When  the  resistance  is  very  high  then  the  potential  from  phase  2 
to  ground  represented  by  w  2  is  nearly  equal  to  the  Y  potential, 
and  the  current  is  nearly  in  phase  with  the  F  potential.  The 
potential  0  m  across  the  condenser  at  this  time  is  vet^  ^xwaJ^. 
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If  further  proof  were  required  that  the  condenser  involved  is 
not  the  capacity  of  phase  2  to  ground,  it  is  given  by  this  diagram 
of  Fig.  5  when  the  resistance  to  ground  is  high,  as  in  the  case 
assumed.  Then  the  potential  from  phase  2  to  ground,  which  is 
the  potential  on  condenser  2,  is  practically  the  normal  Y  poten- 
tial and  not  0  m. 

When  the  resistance  to  ground  is  low  then  the  potential  across 
the  condenser  is  0  n  and  the  potential  across  the  resistance  is 
n  2.  Since  the  condenser  effect  now  predominates,  the  current  to 
ground  is  practically  90  deg.  in  advance  of  the  F potential  02. 
At  this  time  the  capacity  current  has  reached  practically  its  full 
value,  as  the  resistance  is  too  small  to  affect  it  sensibly. 

Comments  on  the  Tests 

These  tests  were  made  to  investigate  the  applicability  of  the 
arcing  ground  suppressor  to  cable  systems.  It  is  of  interest 
to  note  here  that  although  the  system  was 
grounded  more  than  100  times  by  the  arcing 
ground  suppressor,  no  high  potentials  were 
caused.  The  condition  of  full  ground  was  ap- 
proached very  gradually.  During  this  time 
needle  gaps  were  placed  between  phases  and 
from  each  phase  to  ground.  Note  was  taken 
also  of  discharges  on  the  lightning  arresters.  On 
one  day  at  a  particular  time  the  lightning  ar- 
resters in  two  stations  discharged  during  the 
grounded  condition.  Every  effort  was  made  to 
reproduce  these  effects,  but  without  success. 
The  tests  show  that  a  contact  ground  on  one 
phase  of  this  system  produces  no  abnormal  potentials. 
two  non-grounded  phases  simply  rise  to  delta  potential 
above  ground.  The  factor  of  safety  in  the  insulation  of  the 
cables  makes  the  application  of  delta  potential  harmless.  Dur- 
ing the  periods  of  grounding,  which  sometimes  were  purposely 
carried  to  several  minutes'  duration,  there  were  no  disturbances  of 
the  power  on  the  system,  although  there  were  synchronous 
machines  in  operation.  During  part  of  the  time  a  two-phase 
system  was  connected  to  this  three-phase  system.  This  we  believed 
would  increase  the  possibility  of  surges,  but  no  surge  was  noted. 

In  making  and  breaking  the  grounds  on  the  circuit,  it  is  well 
known  from  volumes  of  theory  on  the  subject  of  transients, 
especially  the  classical  work  by  Dr.  Steinmctz,  that  oscillations 
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Will  take  place.  If  no  resistance  had  been  used  one  might  look 
for  high  potentials  from  these  oscillations.  It  is  well  to  note  that 
in  every  case  the  grounds  were  made  initially  with  some  resist^ 
ance  in  series.  In  a  former  paper  before  the  Institute,  on  the 
arcing  ground  suppressor,  the  construction  of  the  grounding 
switch  is  shown  with  a  resistance  in  the  oil  pot.  As  the  con- 
tact blade  descends  it  first  picks  up  this  series  resistance,  which 
is  designed  to  damp  out  oscillations.  An  instant  later  after 
this  ground  takes  place  the  resistance  is  cut  out  by  a  further 
movement  of  the  blade  which  makes  a  direct  contact  between  a 
phase  and  ground.  In  opening  the  switch  the  first  movement 
of  the  blade  throws  the  resistance  in  series  again  with  the  ground 
and  when  the  contact  to  ground  is  finally  broken  it  is  done 
through  the  damping  resistance  in  the  oil  pots.  To  this  condi- 
tion in  the  protective  apparatus  we  can  attribute  the  immunity 
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from  troubles  such  as  occur  from  the  usual  accidental  arcs  to 
ground.  The  value  of  the  use  of  the  critical  resistance  in  the  oil 
pots  was  evident  when  the  arcing  ground  suppressor  switch  was 
harmlessly  made  to  pump  open  and  shut  rapidly  for  some  time. 

Oscillographic  Studies  of  Currents  and  Potentials  when 
THE  System  is  Grounded  Successively  through  a 
Resistance  to  Ground  and  the  Switch  of 
THE  Arcing  Ground  Suppressor 

In  making  these  oscillographic  tests,  two  instruments  were 
used  simultaneously.  One  instrument  had  its  vibrators  num- 
bered 1,  2  and  3;    the  other,  4  and  5. 

For  the  first  oscillogram,  P,S.  7,  Fig.  6,  the  connections  of  the 
circuit  for  the  vibrators  1,  2  and  3  are  shown  in  Fig.  7. 

The  object  of  this  test  was  to  show  the  operation  of  the  arcing 
ground  suppressor.  For  vibrators  4  and  5  the  connections  are 
shown  in  Fig.  9,  and  the  oscillogram  in   Fig.  8.     One  vibrator 
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measured  delta  potential  and  the  other  wbrator  measured  cur- 
rent to  ground  through  an  aluminum  cell  connected  directly  be- 
tween the  neutral  of  the  generator  and  earth. 

Fig.  6.  Oscillogram  P.S.  7,  Vibrators  1,  2  and  3a.  Phase  2 
of  generator  No.  8  was  grounded.  Generator  No.  8  was  not 
connected  to  the  power  system  when  this  test  was  made. 

Upper  Record :     Vibrator  1 .  — Voltage    of     non-grounded     phase     to 

ground. 
Middle  Record:   Vibrator  2. — Current  to  ground  through  a  resistance 

of  about  300  ohms.     This  current  is  the  electrostatic 

capacity  current  of  the  generator. 
Lower  Record :     Vibrator  3 .  — A  circuit  parallel  to  the  one  of  the  middle 

record  from  phase  2  to  ground.     This  circuit  was  a 

single  pole  switch  of  the  arcing  ground  suppressor. 

In  this  preliminary  test  a  resistance  of  about  300  ohms  was  also 
placed  in  series  with  the  switch  of  the  arcing  ground  suppressor. 

Notes:  The  exposure  on  the  film  starts  at  a  point  at  the 
right  of  the  film  marked  zero  time.  At  this  instant  both  switches 
between  phase  2  ^nd  ground  are  open,  and  therefore,  the  vibra- 
tors 2  and  3  show  zero  current  and  vibrator  1  on  phase  3  shows 
normal  Y  voltage  to  ground  (7740  volts  effective.) 

The  small  lumps  in  this  generator  wave  represent  the  17th 
harmonic.  The  17th  harmonic  corresponds  to  18  teeth  per  pair 
of  poles.  After  about  2 .  75  cycles  from  the  time  marked  zero 
time,  the  first  grounding  switch  closes,  connecting  phase  2  to 
ground  through  about  300  ohms  resistance.  This  is  shown  in 
the  oscillogram  by  the  disappearance  of  the  zero  line.  Due  to 
vibration  of  the  contacts  of  the  oil  switch  the  record  of  vdbrator 

2  is  initially  so  broken  as  not  to  be  clear.  It  becomes  clearer, 
however,  in  its  continuation  at  the  left  end  of  the  oscillogram. 

When  the  first  switch  closes  to  ground  the  voltage  of  phase 

3  as  indicated  on  vibrator  1  immediately  jumps  to  approximately 
delta  potential.  This  takes  place  in  spite  of  the  300  ohms  in 
series  to  ground.  The  electrostatic  capacity  of  the  generator 
is  so  small  that  the  resistance  of  300  ohms  has  very  little  effect 
in  limiting  the  grounding  current  from  reaching  its  full  value. 
Note  has  already  been  made  of  the  high  value  of  the  17th  har- 
monic. This  harmonic  is  greatly  magnified  by  the  capacity  of 
the  windings  of  the  generator.  In  a  later  oscillogram  it  will  be 
shown  that  when  the  generator  is  loaded  by  being  connected  to 
the  system  the  effect  of  the  teeth  of  the  generator  in  producing 
the  17th  harmonic  disappears. 

Coming  now  to  a  consideration  of  the  arcing  ground  suppressor 
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switch  as  shown  in  vibrator  3 — sixteen  cycles  (about  J  second) 
after  the  first  ground  is  put  on  the  generator,  the  switch  of  the 
suppressor  closes.  The  two  circuits  parallel  to  ground  then 
divide  the  current  between  them. 

Fig,  8.  Oscillogram  P,S,  7,  Vibrators  4  and  5.  The  general 
conditions  of  the  circuit  have  already  been  described. 

Upper  Record:     Vibrator  4. — Delta  potential. 

Lower  Record:     Vibrator  5   is   the   current  from   the  neutral   of  the 

generator  through  aluminum  cells  to  ground.  There 
is  no  visible  current  to  ground  shown  until  the  first 
switch  closes.  The  higher  current  initially  on  this 
record  is  due  mostly  to  the  charging  current  of  alum- 
inum cells.  In  a  later  oscillogram  surges  at  the  neutral 
will  be  shown  in  this  circuit. 

Fig.  10.  Oscillogram  P.5.  10,  Vibrators  1,  2  and  3.  The 
electrostatic  capacity  current  to  ground  with  a  strong  17th 
harmonic  is  shown  more  clearly  by  choosing  only  a  small  part  of 
the  oscillogram.  This  test  is  a  repetition  of  the  previous  one 
described.  The  film  velocity  is  somewhat  greater  in  order  to 
bring  out  the  form  of  the  harmonics. 

Upper  Record:     Vibrator  1  is  the  potential  of  phase  3  to  ground. 
Middle  Record:   Vibrator  2  is  the  electrostatic  capacity  current  of  the 

generator  from  phase  2  to  ground. 
Lower  Record:     Vibrator  3. — Zero  line  only  is  shown. 

Fig,  11.  Oscillogram  P.S,  11,  Vibrator  4  and  5.  Grounding 
of  generator  No.  8,  not  loaded. 

Upper  Record:     Vibrator  4. — The  delta  potential  of  the-generator. 
Lower  Record:     Vibrator  5. — The   current   from   the   neutral   of   the 

generator  through  the  aluminum  cells  to  ground. 

Note:  This  oscillogram  is  reproduced  especially  on  account 
of  the  initial  surge  that  took  place  at  the  neutral  the  instant 
the  generator  was  grounded. 

Fig,  12.  Oscillogram  P.S.  19,  Vibrators  I,  2  and  3,  This 
record  shows  the  opening  of  the  grounding  switch  when  the 
generator  is  connected  to  the  whole  system.  There  were  about 
500  ohms  in  series  in  the  grounding  circuit. 

Upper  Record:     Vibrator  1  is  the  voltage  of  phase  3  to  ground. 
Middle  Record:   Vibrator  2  is  the  current  from  phase  2  to  ground. 
Lower  Record:     Vibrator  3  shows  only  a  zero  line. 

Notes:  Only  the  last  half  cycle  of  the  current  to  ground  is 
shown  on  this  oscillogram,  vibrator  2.  When  the  current  ceases 
in  vibrator  2,  vibrator  1  shows  a  distortion  of  its  zero  line  which 
is  probably  due  to  a  magnetic  effect  in   the   potential   trans- 
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former.  It  should  be  noted  in  the  small  part  of  the  cur- 
rent wave  that  is  visible  that  since  all  the  cables  were  con- 
nected to  the  generator  and  the  normal  load  was  being 
taken,  the  17th  harmonic  disappears,  leaving  the  current  wave 
smooth. 

Fig.  13.  Oscillogram  P.S.  20,  Vibrators  4  and  5.  This  test 
illustrates  conditions  while  phase  2  is  being  grounded,  first, 
through  25  ohms  resistance,  then,  16  cycles  later,  through  the 
arcing  ground  suppressor  switch,  which  in  its  final  closed  con- 
dition had  no  series  resistance. 

Upper  Record:     Vibrator  4  was  again  the  delta  potential. 
Lower  Record:     Vibrator  5. — The  current  from   the   neutral  of   the 

generator  through  aluminum  cells  to  ground. 

Notes:  The  only  subject  worthy  of  note  in  the  wave  of  delta 
potential  is  the  absence  of  harmonics.  In  the  current  from  the 
neutral  to  ground  (the  lower  record) ,  the  initial  current  rush  is 
shown  of  comparatively  small  magnitude.  After  about  16  cycles 
the  switch  of  the  arcing  ground  suppressor  closes  and  cuts  out 
all  the  resistance  in  phase  2  to  ground.  Under  this  condition 
there  is  an  unusual  and  remarkable,  although  harmless,  surge  of 
potential  at  the  neutral  which  makes  itself  evident  by  consider- 
able current  from  the  neutral  to  ground.  This  surge  first  in- 
creases, then  decreases  slightly,  and  then  increases  again,  and 
decreases  to  zero.  The  cause  of  this  surge  was  not  found,  and  it 
could  not  be  reproduced.  Although  many  tests  were  made  it 
appeared  but  one  other  time.  It  may  have  been  due  to  an  un- 
balanced condition  which  occurred  only  when  the  ground  con- 
nection was  made  at  a  certain  unknown  point  in  the  cycle  of  the 
generator  wave. 

Fig.  14.  Oscillogram  P.S.  34.  Vibrators  1,  2  and  3.  This 
record  demonstrates  the  operation  of  the  arcing  ground  sup- 
pressor under  normal  running  conditions  of  the  loaded  system. 

Upper  Record:     Vibrator  1  is  the  potential  of  phase  1  to  ground. 

Middle  Record:   Vibrator  2  is  the  current  from  phase  2  to  ground, 

through  a  contact  intentionally  placed  on  the  circuit 
to  start  the  operation  of  the  arcing  ground  suppressor. 

Lower  Record:     Vibrator  3. — Current     through     the    switch    of    the 

suppressor  from  phase  2  to  ground. 

Notes:  The  potential  of  phase  1  to  ground  is  shown  initially 
at  the  middle  of  the  film,  where  the  record  starts,  at  its  normal 
value  of  7600  volts.  After  about  five  cycles,  the  intentional 
ground  was  placed  on  the  circuit.    This  shifts  the  neutral  and 
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causes  the  potential  of  vibrator  1  to  rise  somewhat  (9150  volts). 
Sixteen  cycles  later  the  arcing  ground  suppressor  switch  closes 
on  its  first  contact  and  raises  the  potential  from  9150  volts  to 
11,750  volts.  Four  cycles  later  when  the  suppressor  switch  is 
entirely  closed  the  potential  of  phase  1  rises  to  the  delta  value, 
namely,  13,150  volts  effective. 

Following  through  the  conditions  of  vibrator  2,  the  intentional 
ground  to  start  the  operation  of  the  suppressor  occurred  about 
five  cycles  after  the  shutter  of  the  oscillograph  opei^ed.  There 
was  a  small  resistance  in  series  in  this  circuit  from  phase  2  to 
ground,  which  limited  the  grounding  current  to  42.5  amperes. 
After  a  duration  of  about  16  cycles  the  arcing  ground  suppressor 
switch  partially  closes  and  reduces  the  grounding  current  in 
vibrator  2  to  20.4  amperes,  and  when  the  suppressor  switch 
closes  entirely,  four  cycles  later,  it  shunts  out  the  current  from 
this  intentional  ground  which  takes  the  place  of  the  accidental 
ground  in  the  operation  of  the  device. 

Tracing  now  the  zero  recorded  in  vibrator  3,  the  suppressor 
switch  contact  touches  the  resistance  one-fourth  of  a  second  after 
the  first  ground  was  put  on  the  system — 34.2  amperes  flows 
through  this  resistance.  The  wave  is  perfectly  smooth.  The 
switch  blade  requires  four  cycles  to  pass  through  the  resistance 
contact  to  its  home  contact.  When  this  resistance  is  shunted  out 
there  is  a  slight  momentary  oscillation  of  grounding  current  of  a 
frequency  of  about  480  cycles  per  second,  which  quickly  dies  out. 
During  this  test  there  was  a  discharge  of  the  lightning  arresters  at 
Garfield  substation  and  also  at  City  Dock  station.  Note  is  made 
of  this  because  of  the  impossibility  of  getting  sufficient  potential 
at  any  other  time  to  cause  a  discharge  of  the  lightning  arresters. 

Study   of    Phase   Relation   of   Three-Phase   Potentials 
WHEN  One  Phase  is  Grounded  through  More 

OR  Less  Resistance 

Fig.  15.     Oscillogram    P.S.  42,   Vibrators  1,  2,   3,  4   and    5. 

Oscillograms  were  taken  with  different  values  of  resistance  from 
phase  2  to  ground.  From  these  oscillograms  are  chosen  the 
following : 

Oscillogram  Resistance  to  ground  Current  to  ground 


P.S.  42 

Infinite 

Zero 

"   "  50            , 

835      ohms 

9  amperes 

"   «  51            1 

180 

34 

"   "  46           1 

21.6     « 

W 
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The  system  was  operating  under  normal  conditions  of  day 
load. 

Upper  Record:  Vibrator  1  is  the  potential  of  phase  3  to  ground. 
Middle  Record:  Vibrator  2  is  the  potential  of  phase  2  to  ground. 
Lower  Record:     Is  the  potential  of  phase  1  to  ground. 

Note:  It  just  happened  in  this  oscillogram  that  the  separa- 
tion of  the  zero  lines  from  each  other  corresponded  to  the 
difference  in  calibration  of  the  vibrators  and  this  brought  the 
tops  of  the  peaks  of  the  three  phases  about  on  a  line.  This  is  only 
incidental  but  it  may  cause  some  confusion  in  reading  the  oscil- 
logram. This  oscillogram  shows  the  natural  condition  of  the 
waves  when  there  is  no  ground  on  the  system. 

Vibrator  4  shows  the  delta  potential  of  13,200  volts.  Vibrator 
5  shows  the  potential  of  the  neutral  to  ground.  This  neutral 
potential  shows  the  presence  of  a  3rd  harmonic  which  has  an 
effective  value  of  660  volts. 

Fig.  16.  Oscillogram  P,S.  50.  In  this  case  the  resistance  from 
phase  2  to  ground  is  835  ohms,  which  limits  the  current  to  ground 
to  9  amperes.  The  voltage  of  phase  2  to  ground  is  7500  volts 
while  the  potential  of  phase  3  to  ground  is  only  6730  volts.  This 
illustrates  the  condition  already  described,  of  the  reduction  of  the 
potential  of  phase  3  to  ground  when  phase  2  is  grounded  through 
a  comparatively  high  resistance.  There  is  not  yet  sufficient 
shifting  of  the  phase  relation  of  the  potentials  of  each  phase  to 
ground  to  be  noted  in  this  oscillogram. 

Vibrator  5  shows  an  interesting  development  of  the  superposi- 
tion of  the  third  harmonic  on  the  fundamental  generator  wave 
which  appears  as  the  neutral  is  displaced  by  the  condition  of 
ground. 

Fig.  17.  Oscillogram  P.S.  51.  The  resistance  to  ground  has 
now  been  reduced  to  180  ohms  and  the  current  from  phase  2 
to  ground  has  risen,  correspondingly,  to  34  amperes.  It  will  be 
noted  also  in  vibrators  1,2  and  3  that  the  potential  of  phase  2 
ground  has  decreased  to  6120  volts,  and  the  potential  of  phase  3 
to  ground  has  increased  to  7220  volts,  while  the  potential  of 
phase  1  has  already  increased  to  the  relatively  high  value  of 
12,200  volts. 

Fig.  18.  Oscillogram  P.S.  46.  Resistance  to  ground  is  21.6 
ohms.  The  current  from  phase  2  to  ground  has  reached  practi- 
cally its  full  value  of  60  amperes.  The  potential  of  phase  2  to 
ground  has  decreased  to  1295  volts.  The  potential  of  phase  3 
has  increased  to  12,600  volts,  and  the  potential  of  phase  1  to 
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ground  has  increased  to  14,000  volts,  which  is  greater  than  the 
delta  value.  The  potential  from  neutral  to  ground  shown  on 
vibrator  5  has  increased  to  7630  volts  and  the  effect  of  the  third 
harmonic  shows  relatively  little  in  this  large  wave. 

Fig,  19.  Oscillogram  P.S.  60,  Vibrators  4  and  5.  The  entire 
60-cycle  system  through  the  suppressor  switch  on  phase  2  is 
grounded. 

Upper  Record:     Current  from  the  generator  neutral  to  ground  through 

aluminum  cells  and  a  small  gap. 
Lower  Record:     Zero  line  only. 

Notes:  On  the  upper  record,  the  shutter  of  the  oscillograph 
opens  at  the  extreme  left.  There  is  a  period  of  zero  current  until 
the  suppressor  switch  strikes  the  resistance  contact  in  the 
switch  pot.  At  this  instant  the  current  from  the  neutral  to 
ground  through  the  aluminum  arrester  is  so  great  that  it  carries 
the  deflection  off  the  width  of  the  film.  By  continuing  the  traces 
of  the  oscillogram  until  the  lines  meet  an  approximate  value  of 
20  amperes  is  given.  After  the  fourth  cycle  the  resistance  to 
ground  in  the  switch  pot  is  cut  out  by  a  movement  of  the  blade 
of  the  suppressor  switch.  The  surge  of  current  at  the  neutral 
again  goes  off  the  film.  The  maximum  value  of  current  gradually 
decreases  as  the  electric  system  becomes  adjusted  to  the  new 
condition  of  ground.  It  may  be  noticed  that  all  the  way  through 
this  record  there  are  three  to  five  small  current  surges  before 
the  large  one  takes  place  in  each  half  cycle.  This  surge  is  due 
to  the  small  gap  that  was  placed  in  series  with  the  aluminum  cells 
in  this  test.  This  gap  was  placed  there  simply  to  determine  its 
effect  on  the  current  to  ground.  The  large  deflections,  however, 
are  not  due  to  this  small  series  gap.  The  subsequent  oscillo- 
grams were  taken  under  the  same  conditions,  but  this  condition 
could  not  be  reproduced.  It  may  be  noted  that  this  surge  is 
similar  to  the  one  previously  noted  in  Fig.  13.  It  is  included  in 
this  paper  with  the  idea  of  showing  everything  unusual  and 
abnormal. 

Fig.  20.    Oscillogram  P.S.  62,  Vibrators  I,  2  and  3. 

Upper  Record:     Vibrator  2  shows  a  zero  line,  as  it  was  not  used. 
Middle  Record:    Vibrator  1  is  the  voltage  from  phase  1  to  ground. 
Lower  Record:     Vibrator  3  is  the  current  in  the  lightning  arrester. 

Notes:  This  oscillogram  was  taken  especially  to  record  a 
discharge  of  an  aluminum  lightning  arrester  in  a  station.  Since 
there  was  insufficient  potential  from  the  surges  to  cause  a  dis- 
charge over  the  horn  gaps  at  their  minimum  setting,  the  gaps 
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were  shortened  stiflBciently  to  spark  at  delta  potential.  The 
effective  current  in  the  arrester  was  3.3  amperes  by  ammeter 
measurement.  The  peak  of  the  instantaneous  value  given  by  the 
oscillograph  showed  about  5  amperes  maximtun. 

Fig.  21.  OsciUogram  P.S.  65,  Vibrators  4  and  5.  During  this 
exposure  of  the  film,  phase  2  of  the  entire  system  was  grounded 
through  the  suppressor  switch.  During  this  time  the  lightning 
arrester  had  its  gap  so  that  it  discharged  but  this  discharge  has 
no  effect  on  either  of  the  records  of  the  vibrators  shown. 

Upper  Record:     Vibrator  4  is  the  current  from  the  generator  neutral 

through  aluminum  cells  to  ground.  The  cells  were 
directly  connected  without  the  intervention  of  a  gap, 
such  as  existed  in  the  previous  figure. 

Lower  Record:     Vibrator  5  is  the  voltage  from  generator  neutral  to 

ground. 

Notes:  At  the  left  end  of  the  record  the  third  harmonic  is 
prominent  in  both  the  current  and  potential  wave,  but  naturally 
more  prominent  in  the  latter.  When  the  suppressor  switch 
closes,  the  third  harmonic  becomes  of  relatively  little  importance. 
While  the  resistance  in  the  switch  pot  is  in  series  to  groimd  the 
voltage  of  the  neutral  rises  only  to  6200  volts,  but  after  about 
four  cycles  this  resistance  is  cut  out  and  the  voltage  rises  to 
7630  volts.  At  the  instant  complete  ground  takes  place  the 
aluminum  cells  at  the  neutral  show  a  surge  current  of  1.75 
amperes  maximtmi. 

Fig.  22.  Oscillogram  P.S.  68,  Vibrators  1,  2  and  3.  This 
oscillogram  gives  a  record  of  the  main  load  currents  in  the  three 
phases  during  the  period  of  grounding. 

Notes:  The  ground  takes  place  at  about  the  tenth  cycle  of 
the  generator  after  the  opening  of  the  shutter  of  the  oscillograph. 
There  is  no  visible  disturbance  of  the  load  currents  resulting 
from  grounding.  This  result  was  checked  in  a  subsequent  test. 
The  absence  of  disturbances  is  explained  by  the  fact  that  the  60 
amperes  of  grounding  current  is  nearly  at  right  angles  to  the 
greater  value  of  power  current.  The  power  current  at  this  time 
was  about  310  amperes  per  phase,  at  87  per  cent  power  factor. 
The  total  load  was  6200  kw. 

Fig.  23.  Oscillogram  P.S.  70,  Vibrators  1,2  and  3.  Charging 
cturent  in  the  three  phases  of  an  unloaded  cable  which  is  not 
grounded.  Energy  was  taken  from  generator  No.  8  the  same  as  in 
the  previous  test.  The  length  of  cable  was  6 . 5  miles.  The  size 
of  the  copper  conductor  in  the  cable  was  No.  1  and  the  instdation 
was  paper,  7/32  in.  thick. 
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Notes:  It  is  interesting  to  compare  the  wave  form  in  this 
oscillogram  with  that  shown  in  several  others.  For  example, 
if  it  is  compared  to  the  one  shown  in  Fig.  10,  it  will  be  seen 
that  a  different  harmonic  is  magnified.  In  the  present  figure  the 
most  prominent  harmonic  is  the  eleventh,  whereas  in  Fig.  10, 
oscillogram  10,  the  most  prominent  harmonic  is  the  seventeenth. 
In  regard  to  the  oscillogram  10,  it  is  necessary  to  explain  that  a 
cable  only  3.5  miles  long  was  connected  to  the  generator  at 
that  time,  but  it  had  the  effect  of  magnifying  the  seventeenth 
harmonic.  In  this  case.  Fig.  23,  an  idle  cable  6.5  miles 
long  was  connected.  It  is  somewhat  confusing  to  find  the  elev- 
enth harmonic  magnified.  This  is  explained  by  the  fact  that 
when  the  seventeenth  harmonic  was  prominent  the  generator 
was  without  load,  whereas  when  the  eleventh  harmonic  was 
magnified  the  generator  was  carrying  the  normal  day  load  of 
the  system.  Other  comparisons  will  be  made  in  the  notes  of 
subsequent  oscillograms. 

Fig.  24.  Oscillogram  P,S.  71,  Vibrators  1,  2  and  3.  Charging 
current  in  three  phases  of  an  unloaded  cable,  the  same  as  in  the 
previous  test  except  that  phase  2  is  grounded  at  the  busbar. 
The  generator  is  still  carrying  its  normal  load. 

Notes:  The  effect  of  grounding  phase  2  is  to  steal  away  some 
of  the  capacity  current  in  the  wire  and  divert  it  to  the  cable 
sheath.  Phases  1  and  3  show  an  increase  in  capacity  current 
of  perhaps  40  per  cent.  1* he  capacity  current  in  phase  2  drops 
off  about  half.  Special  attention  is  directed  to  these  varia- 
tions and  capacity  currents  during  ground.  The  variations 
indicate  a  change  in  capacity.  In  another  paper  on  a  localizer 
it  is  endeavored  to  prove  that  this  capacity  current  in  the 
grounded  phase  does  not  affect  the  localizers  in  the  non-grounded 
cables. 

Fig.  25.  P.5.  73,  Vibrator  1.  Charging  current  to  ground  in 
the  same  unloaded  cable,  6.5  miles  long  (cable  H),  The  poten- 
tial is  taken,  however,  from  generator  No.  4,  which  is  not  carry- 
ing any  power. 

Notes:  In  this  record  the  thirteenth  harmonic  is  more  promi- 
nent even  than  the  fundamental  wave  at  60  cycles.  One  might 
even  consider  the  frequency  from  this  generator  in  the  cable  as 
780  cycles  per  second  instead  of  60.  This  record  should  be  com- 
pared with  previous  records  where  the  seventeenth  and  eleventh 
harmonics  were  prominent.  Since  there  was  no  load  in  the 
generator  the  12  teeth  per  pair  of  poles  in  the  generator  gave 
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their  distorting  effect  undiminished  by  any  armature  reaction 
from  load  current.  The  effective  current  to  ground  was  19.1 
amperes.  The  thirteenth  harmonic  is  free  of  any  visible  higher 
harmonics.  In  comparing  this  oscillogram  with  that  of  the  gen- 
erator No.  8  shown  in  Figs.  6  and  10,  the  difference  in  design  of 
the  generator  armatures  explains  the  difference  in  wave  form. 
In  the  case  where  the  eleventh  harmonic  was  prominent  the 
explanation  is  probably  found  in  attributing  the  eleventh 
harmonic  to  a  generator  in  the  City  Dock  power  station. 

It  is  evident  these  harmonics  exist  in  more  or  less  magnified 
forms  under  different  conditions  of  operation.  The  possi- 
bility of  resonance  with  these  harmonics  is  very  remote.  The 
possible  chance  of  occurrence  is  about  the  same  as  that  of 
winning  a  prize  in  a  Chinese  lottery.  Still,  the  possibility  must 
always  be  kept  in  mind,  and  whenever  occasional  troubles 
occur  of  unusually  damaging  effects,  no  doubt  the  magnification 
of  the  harmonics  by  resonance  may  at  times  come  in  for  part 
of  the  blame.  It  has  often  been  noticed,  for  example,  oh  a  system, 
that  arcing  grounds  will  take  place  many  times  without  causing 
any  trouble,  but  finally  one  single  arcing  ground  will  cause  wide- 
spread damage.  These  oscillograms  are  reproduced  especially 
to  point  out  the  possible  source  of  high  potentials  from 
resonance. 

Measure  of  Capacity  Currents  M^ade  on  Three-Phase  Trans- 
mission Cables  when  One  Phase  is  Grounded^  and  Generator 
Not  Loaded.  A  number  of  tests  were  made  of  the  distribution 
of  capacity  currents  between  the  cables  and  sheath  under 
conditions  of  construction.  It  was  found  that  these  currents 
deviated  in  value  from  the  empirical  laws  that  are  given  to 
cover  such  conditions.  Not  hax'ing  time  to  look  up  the  literature 
on  this  matter  and  fearing  that  the  subject  has  been  thoroughly 
covered,  space  is  economized  by  not  including  them  in  this 
report.  The  fact  that  the  currents  do  not  check  with  the  standard 
equations  is  easily  explained  by  the  change^;  in  the  harmonics 
that  have  been  illustrated  in  the  preceding  oscillograms. 

In  introducing  this  subject  the  object  is  simply  to  call  atten- 
tion to  the  fact  that  the  usual  equations  given  for  capacity 
between  wires  and  sheath  have  little  practical  value  in  determin- 
ing the  charging  current  from  any  generator  to  a  cable. 

Data  of  a  Grounding  Test.  Readings j  Nos.  27  to  50.  Returning 
to  the  subject  of  accidental  grounds,  the  following  table  of  a 
complete  test  is  given  for  reference: 


PLATE  XCVl 

*.  I.  E-  £- 

VOL.  XKXI.  1912 


1 

--^ 

i 

> 

> 

+ 

0=    -cr'      ""^ 

VOU  XXXI.    191J 


VOL.  XXXI,  i»ia 


*>L*TE  cm 

A.I.E.  E. 
VOL.  XXXI,  tt12 


Fig,  21.  (^k 


(CKBiaHTOtl  JiWJ '«WOTI\^'M.*\ 


•  • 


•       •  • 


•  •. 


•       •  • 
••      • 


•      •     * 

•••• 


•  • 


•  •     • 
*   • 


•••• 


•  _• 


1912] 


LOCALIZERS  AND   SUPPRESSORS 


1897 


Potential  to  ground 

/t 

to 

R 

to 

Reading 

Hour 

v.     1 

Vi 

V. 

/ 

Oscillo*    i 
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27 

3:24 

7.740 

7.720 

7.800 

0 

00 

0 

28 

3:25i 

9.250 

7.500 

6.700 

11 

682 

0.3  ? 

47        1 

29 

3:26i 

9.400 

7.450 

6.620 

12 

621 

0.36? 

30 

3:27 

9.370 

7.440 

6,600 

13 

572 

0.35? 

31 

9.720 

7,380 

6.500 

14 

527 

0.36 

32 

3:27i 

9.930 

7.360 

6.480 

16 

461 

0.36 

33 

11.250 

6.780 

6.600 

26 

261 

0.48 

34 

11.730 

6.490 

6.900 

29 

224 

0.52 

35 

12.250 

6.180 

7.260 

34 

182 

0.60 

36 

3:29 

12.550 

5.880 

7.680 

37 

159 

0.64 

37 

12.930 

6.520 

8.060 

40 

138 

0.70 

38 

13.180 

5.260 

8.520 

42 

125 

0.74 

39 

3:30 

13.310 

5.040 

8.760 

44 

114.5 

0.76 

48 

40 

13,530 

4.780 

9.180 

46 

104 

0.80 

41 

3:31 

13.770 

4.320 

9.660 

48 

93.7 

0.86 

42 

13.910 

3.900 

10.150 

51 

76.6 

0.88 

43 

14.000 

3.700 

10.500 

52 

71.2 

0.90 

44 

3:33i 

14.090 

1.140 

12.720 

60 

19 

1.2 

45 

3:34i 

13.930 

1.105 

12,660 

60 

18.4 

1.2 

49 

46 

14.300 

2.990 

10.690 

56 

63.4 

1 

47 

12.600 

5.760 

7.680 

41 

140.6 

0.70 

48 

12.840 

5.580 

7.980 

39 

143 

0.70 

49 

3:36 

11.950 

6.360 

6.960 

34 

187 

0.66 

Relation    of    Kilovolts    to    Grounding    Resistance    In 

A  Grounded  Phase 

In  the  previous  illustration  the  relation  between  current  and 
voltage  for  the  three  phases  was  given.  In  some  cases  it  is 
valuable  to  know  the  relation  between  the  voltages  and  resistance 
from  a  phase  to  ground.    This  is  given  in  Fig.  26. 

Relation  of  Power  Lost  in  the  Ground  Circuit  and  the  Current 
to  Ground,  For  several  reasons  the  energy  lost  in  the  grounded 
circuit  is  of  value,  also  the  conditions  at  which  maximum  energy 
loss  occurs.  It  is  evident  that  when  the  resistance  is  infinite 
there  is  no  loss  of  energy,  and  again  when  the  resistance  is  zero 
there  is  no  loss  of  energy.  The  maximum  loss  occurs  when  the 
current  is  about  ^  its  full  value  to  ground.  The  relation  at 
every  instant  is  shown  in  Fig.  27. 

Relation  of  the  Power  Lost  in  the  Grounded  Circuit,  and  the 
Difference  of  Potential  between  the  Grounded  Phase  and  Earth. 
This  relation  is  shown  in  Fig.  28. 

Rate  of  Development  of  an  Accidental  Ground,  When  this  work 
was  first  begun  it  was  hoped  that  some  device  might  be  con- 
structed which  would  indicate  the  early  stages  of  the  develop- 
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ment  of  an  accidental  ground  so  that  the  arcing-ground  suppres- 
sor could  be  used  to  prevent  an  actual  arc  to  ground  by  closing 
on  the  fault  during  this  early  stage.  A  brief  consideration  of 
the  power  curves  already  given  will  show  the  difficulties  involved. 
For  example,  in  Fig.  28  when  the  potential  of  the  grounded  phase 
is  diminished  by  only  10  per  cent  the  energy  lost  is  170  kw.  From 
the  standpoint  of  potential,  it  is  not  easy  to  make  a  device  sen- 
sitive to  a  change  of  only  10  per  cent  and  still  maintain  a  high 
degree  of  reliability.  From  the  standpoint  of  rapidity  of  develop- 
ment of  the  fault,  it  is  quite  evident  that  170  kw.  applied  to  a 
small  hole  in  the  insulation  about  one-half  inch  long  will  carry 
the  resistance  inmiediately  down  to  a  negligible  value.    Taking 
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another  example  in  which  the  drop  in  potential  is  less,  the  con- 
ditions still  seem  to  be  hopeless.  When  the  drop  of  potential  to 
ground  is  only  1  per  cent  there  is  a  loss  of  70  kw.  at  the  fault. 
Seventy  kilowatts  concentrated  in  a  small  fault  is  sufficient  to 
develop  it  with  enormous  rapidity.  In  order  to  get  the  loss  at 
the  fault  down  to  a  value  that  will  develop  at  such  a  rate  as  to 
permit  the  operation  of  a  safety  device,  let  us  assume  that  the 
energy  loss  in  an  incandescent  lamp  is  the  upper  value  that  can 
be  allowed  in  the  fault.  When  one  considers  that  an  incandescent 
lamp  has  a  filament  longer  than  the  fault  in  the  insulation,  and 
that  that  filament  becomes  incandescent  with  50  watts  in  it, 
we  have  surely  not  chosen,  as  a  basis,  a  value  of  energy  loss  that 
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is  too  small.  Still,  when  we  consider  this  energy  loss,  the  prob- 
lem is  far  more  difficult.  A  loss  of  50  watts  in  the  fault  corres- 
ponds to  a  resistance  of  1,000,000  ohms.  When  it  comes  to  loca- 
ting a  fault  of  1,000,000  ohms  in  a  system  where  the  insulation 
resistance  runs  from  2000  ohms  up  to  500  megohms,    the  diffi- 
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cultics  seem  insurmountable  and  unsolvable  by  any  of  the  devices 
that  have  been  described  in  scientific  literature.  From  a  stand- 
point of  utilization  of  the  current  of  the  fault  to  ground,  it  is 
interesting  to  note  that  the  value  is  only  77  milliampeies.  When 
one  considers  that  the  load  current  on  the  system  is  several 
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hundred  amperes,  and  the  electrostatic  charging  current  five 
amperes  or  more  per  cable,  the  difficulties  in  this  approach  to 
the  problem  are  obvious.  It  is  evident  that  for  large  systems 
the  solution  in  sight  is  either  to  allow  the  fault'to  develop  when 
it  will  and  take  care  of  it  with  the  arcing  ground  suppressor,  or 
to  utilize  the  following  proposed  method: 
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Predetermining  the  Faults  in  Cable  Systems.  Experience 
shows  that  practically  all  the  faults  in  a  cable  system  develop 
initially  between  a  single  phase  and  ground.  If  the  arc  is  not 
extinguished  the  arcing  ground  will  very  quickly  burn  the 
insulation  between  phases  so  badly  as  to  cause  a  short  circuit. 
In  fact,  this  is  what  has  always  taken  place  when  a  fault  has 
occurred  on  a  cable  system.  There  are  certain  weaknesses  and 
accidents  that  cannot  be  foreseen,  and  the  arcing  ground  suj)- 
pressor  with  the  localizer  seems  to  be  the  only  practicable  solu- 
tion in  sight  at  present.  There  are,  however,  many  faults  which 
can  be  prematiu'ely  developed  at  a  time  most  convenient  to  the 
operating  engineer.  Operators  have  often  need  to  paraphrase 
an  old  saying  in  the  form:  "  Grounds  never  come  singly.** 
One  arcing  ground  will  set  up  surges  which  will  weaken  other 
parts  of  the  cable  system,  and  these  weakened  points  will  sub- 
sequently develop  into  grounds.  From  experience  in  the  labora- 
tory, and  from  our  knowledge  of  the  phenomena,  it  is  evident 
that  most  of  these  faults  develop  very  gradually  in  the  early 
stages.  Laboratory  experience  shows  very  convincingly  that 
insulation  will  stand  a  fairly  definite  limiting  potential  without 
any  deterioration.  Also,  that  slightly  above  this  limit  the 
deterioration  is  exceedingly  slow,  but  becomes  more  and  more 
rapid,  along  a  descending  logarithmic  curve,  as  the  potential 
across  the  insulation  is  increased  more  and  more.  If  a  test 
potential  for  a  cable  is  chosen  at  a  value  that  is  less  than  the 
deteriorating  value,  then  there  can  be  no  objection  to  applying 
it  as  frequently  as  desired.  If,  while  this  test  potential  is  applied, 
there  are  inherent  faults  in  the  insulation  which  are  still  in  their 
early  stages  of  development,  then  the  higher  potential  will 
hasten  the  development  of  these  faults.  Any  inherent  fault,  then, 
may  be  developed  at  a  time  of  the  day  and  week  when  it  is  most 
convenient  to  make  repairs,  and  when  a  spare  cable  may  be 
substituted  for  the  faulty  one  with  the  least  inconvenience  and 
disturbance  in  handling  the  load.  To  meet  this  situation,  then, 
it  is  proposed  to  introduce  at  an  artificial  neutral,  direct-curreiit 
potential  which  will  raise  the  total  potential  of  the  entire  system 
by  a  specified  amount  above  ground.  Faults  which  stand  this 
strain  for  several  minutes  are  not  likely  to  develop  at  normal 
potential  within  several  days.  The  application  of  such  a  method 
would,  we  believe,  tend  greatly  to  keep  the  system  free  of  incipi- 
ent or  embryonic  faults.  It  is  a  refinement  which,  in  the  future, 
perhaps,  may  find  considerable  application.     The  assumption 
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is  made  that  some  faults  will  always  develop  in  cables  due  to 
inherent  weaknesses  and  age,  or  due  to  troubles  which  may  come 
from  electrolysis  of  the  sheath.  It  is,  then,  reasonable  to  develop 
these  unavoidable  faults  at  the  most  convenient  time  without 
switching  or  disturbance  of  the  load.  Plans  are  being  made 
to  apply  this  method. 

Insulation  Resistance  of  the  System  of  the  Public 

Service  Electric  Company 

This  system  consists  of  both  overhead  and  underground  con- 
struction. A  statement  has  already  been  made  that  the  insula- 
tion resistance  under  normally  safe  conditions  of  operation 
varies  from  2000  ohms  to  500,000,000  ohms.  While  Mr.  A.  H. 
Davis  was  making  a  study  of  the  factors  involved  in  the  design 
of  a  localizer,  he  carried  on,  incidentally,  continuous  tests  of  the 
insulation  of  the  system.  The  results  show  several  features  of 
interest. 

The  tests  were  made  along  the  lines  proposed  above,  that  is, 
a  direct  current  was  applied  at  an  artificial  neutral  formed  by 
three  potential  transformers.  In  series  with  this  direct-ciurent 
generator  was  a  recording  ammeter.  The  current  was  kept  within 
the  range  of  the  ammeter  by  different  values  of  direct-current 
applied.  Some  typical  results  are  shown  in  the  following  plotted 
curves  of  the  resistance  of  insulation  of  the  system  as  ordinate, 
and  time  as  abscissa.  Since  the  range  of  insulation  resistance 
was  so  very  large,  a  special  method  of  plotting  the  curves  was 
used.  Three  scales  are  used  in  the  ordinates.  These  scales  are 
placed  one  above  the  other,  but  there  will  be  no  difficulty  in 
reading  the  resistance  in  the  usual  way  by  jumping  from  one 
scale  to  the  next  where  the  changes  in  resistance  require  it. 
The  diurnal  variations  which  actually  took  place  are  shown  in 
these  curves — also  the  variations  in  resistance  from  minute  to 
minute  when  the  insulation  resistance  was  low.  The  needle 
of  the  recording  ammeter  under  these  conditions  moved  over  a 
very  wide  range.  Low  resistance  invariably  came  from  the 
overhead  lines  and  was  due  entirely  to  weather  conditions.  The 
resistance  varied  according  to  the  variations  in  the  precipitation. 
Resistance  might  be  of  a  medium  high  value,  and  a  fog,  or  slight 
precipitation,  might  cause  changes  from  minute  to  minute  over 
a  small  range.  When  there  was  a  steady  downpour  of  rain  over 
all  the  insulators,  then  the  resistance  became  very  low  and  im- 
stcady.    This  may  have  been  largely  due  to  spattering  of  water 
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Up  under  the  petticoats  of  the  insulators.  The  measurements 
brought  out  one  interesting  condition  that  has  been  noted  else- 
where, but  so  far  as  the  writer  knows,  never  measured.  Just 
before  sunrise  there  is  nearly  always  a  sudden  drop  in  the  insu- 
lation resistance.  A  little  later  the  insulation  returns  to  a  fairly 
high  value.  This  is  explained  by  the  fact  that  when  the  sun 
rises,  the  tt-mperature  of  the  atmosphere  around  the  insulator 
is  above  the  temperature  of  the  insulator.  In  other  words,  the 
insulator  absorbs  heat  more  slowly  than  the  air  does.     This 
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leaves  a  cold  insulator  in  contact  with  a  more  or  less  moist  atmos- 
phere and  the  result  is  a  precipitation  of  dew  on  the  surface  of 
the  insulator.  This  dew  lowers  the  insulation  resistance.  Later, 
the  insulator  takes  the  same  temperature  as  the  ambient 
atmosphere  and  again  dries  off,  which  restores  the  insulation 
to  its  previous  value.  The  tendency  of  insulators  to  break  down 
at  sunrise  was  noted  years  ago  on  some  Mexican  lines.  Typical 
curves  of  the  insulator  resistance  of  the  system  are  given  in 
Figs.  29  to  34. 
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The  insulation  resistance  on  one  day  (Fig,  29)  ran  above 
100,000  ohms.  Between  the  hours  of  10:00  and  12:30  the 
insulation  ran  above  five  megohms.  The  day  was  clear  and  the 
atmosphere  fairly   dry. 

The  curve  of  insulation  resistance  two  days  later  as  shown  in 
Fig.  30  has  a  medium  value  all  day.  In  the  early  morning 
between  1:30  and  3:00  o'clock  there  was  either  a  shower  or  heavy 
foK.  This  we  have  indicated  on  this  curve  by  a  zigzag  line  in  imi- 
tation of  the  movement  of  the  ammeter  needle  over  the  same 
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period  of  time.  The  insulation  varies  from  300,000  ohms  to 
000,000  ohms  during  the  day.  As  in  the  previous  figure,  the 
insulation  increases  during  the  middle  of  the  day,  although, 
due  to  the  moisture  in  the  atmosphere,  the  actual  value  of  resist- 
ance is  not  nearly  so  high  as  shown  in  the  previous  figure.  The 
day  was  cloudy. 

The  resistance  during  the  next  day  (Fig.  31)  is  typical  of  bad 
weather.  Along  about  5:00  o'clock  in  the  morning  there  was 
evidently  a  light  shower.  At  9:00  o'clock  the  resistance  became 
so  low  that  tlie  deflection  of  the  ammeter  went  off  the  scale. 
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This  condition  of  the  meter  was  not  corrected  by  lowering  the 
voltage  until  1:30.  During  this  time  the  resistance  dropped 
from  100,000  ohms  down  to  7000  ohms.  There  was  a  shower 
about  200  o'clock,  another  one  at  4:30,  and  another  at  9:00  p.m. 
During  this  entire  time  the  resistance  was  varying  up  and  down 
over  a  wide  range,  as  indicated  in  this  figure  by  the  zigzag  lines. 
The  lowest  resistance  of  insulation  recorded  during  the  day  was 
3000  ohms. 

The  record  in  Fig,  32  was  taken  on  the  following  day.  It  rained 
heavily  in  the  early  hours  of  the  morning  but  cleared  up  in  the 
afternoon   and   dried   off   sufficiently   to   carry   the  insulation 
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resistance  from  5000  ohms  at  4:00  a.m.  to  5,000,000  ohms  at 
5:00  p.m.  Part  of  the  record  was  lost  during  the  middle  of  the 
day  due  to  the  lack  of  adjustment  of  the  voltage  on  the  recording 
ammeter.  The  variation  of  resistance  was  so  great  as  to  require 
a  variation  in  the  direct-current  potential  in  order  to  keep  the 
needle  of  the  ammeter  on  the  scale. 

The  record  in  Fig.  33  was  taken  two  days  later.  It  is  typical 
of  the  usual  cloudy  weather  conditions  and  illustrates  a  condition 
of  precipitation  of  dew  already  referred  to.  At  3. -00  a.m. 
moisture  in  the  atmosphere  begins  to  make  itself  felt  and  the 
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resistance  drops  from  650,000  ohms  to  100,000  ohms  at  7  KM) 
o'clock.  The  dissipating  effect  of  the  sun's  rays  then  begins  to 
make  itself  felt  and  the  rerastance  rA  the  system  rises  rapidly 
and  reaches  a  value  of  about  one  megohm  at  9:00  a.m.  While 
the  sun  is  directly  overhead  the  resistance  remains  Ugh,  but  at 
3:00  p.m.  the  insulation  resistance  again  drops  and  reaches  a 
value  of  200,000  ohms  at  6K)0  p.m.  Due  probably  to  a  favor- 
able dry  wind  the  insulation  rises  again  until  0:00  p.m.,  bat 
drops  rapidly  thereafter  and  reaches  a  value  d  less  than  100,000 
ohms  by  midnight. 
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The  record  of  a  later  day  (Pig.  34)  illustrates  a  condition  that 
is  difficult  to  explain.  During  the  early  morning  hour  the  resist- 
ance ran  low  but  steady.  At  noon  time  it  began  to  rain.  At 
5:00  o'clock  the  rain  ceased  and  the  resistance  rose  rapidly  to 
over  two  megohms,  but  dropped  in  a  few  minutes  back  to  its 
former  value.  This  same  condition  was  repeated  five  times  up 
to  midnight.  There  is  a  possibility  that  this  variation  might 
have  been  due  to  a  fault  in  the  measuring  apparatus  such  as 
might  result  from  some  accidental  condition  of  contact  between 
the  brushes  of  the  direct-current  generator  and  the  commutator. 
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Considerable  variations  have  been  noted,  although  not  as  great 
as  shown  here,  due  to  the  passing  of  a  cloud  and  a  burst  of  sun- 
shine, but  this  could  not  be  the  explanation  here.  In  this  case 
such  a  variation  might  also  be  caused  by  the  accidental  contact 
of  a  live  wire  with  the  limb  of  a  tree,  which  was  removed  during 
short  intervals.  In  such  case  the  limb  would  finally  be  burned 
away  and  leave  the  insulation  high.  One  of  the  above  condi- 
tions, we  suppose,  accounts  for  the  form  of  these  resistance 
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Some  Characteristics  of  the  Arc  in  the  Arcing  Ground 
ON  A  Cable 
Those  who  have  made  observations  on  the  length  of  time 
required  for  an  arcing  ground  to  develop  into  a  short  circuit,  and 
also  on  the  difference  in  the  destructive  effect  of  arcing  grounds 
occurring  at  different  times  and  different  places,  cannot  help 
but  be  impressed  by  remarkable  differences.  If  we  compare  the 
accidental  arcs  of  one  system  with  those  on  another,  naturally 
we  will  expect  to  find  different  harmonics.  Furthennore,due  to 
differences  in  electrostatic  capacity,  different  values  of  grounding 
ciuTcnt  will  also  occur.  These  fundamental  differences  will 
naturally  give  different  effects.     The  cause  of  the  difference  is 
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not  so  evident,  however,  when  wc  consider  arcing  grounds  on  the 
same  system  at  different  times,  when,  apparently,  all  the  con- 
ditions of  generation  and  capacity  are  identical. 

In  discussing  this  subject  it  might  be  well  to  bring  up  at  this 
time  the  possibilities  of  variations  coming  from  the  reactions 
of  the  receiver  apparatus  on  the  circuit,  such,  for  example,  as 
synchronous  motors,  induction  motors,  etc.  The  presence  of  these 
machines  has  to  do  with  the  harmonics,  but  apparently  has . 
no  effect  on  the  duration  of  the  accidental  arcing  ground  before 
it  bums  into  a  short  circuit.    This  latter  seems  to  depend  very 


Fig.  34 

greatly  on  the  pcriphered  location  of  the  accidental  arc  on  the 
sheath  of  the  cable.  If,  on  the  one  hand,  the  arc  should  take. 
place  on  the  under  side  of  a  horizontally  placed  cable,  the  melted 
lead  from  the  crater  of  the  arc  would  drop  down  and  there  would 
b,'  a  tendency  to  melt  the  lead  away  from  the  fault,  and  thereby 
constantly  increase  the  arc  length.  We  know  that  a  varying  arc 
length  will  cause  a  magnification  of  different  high  frequencies. 
On  the  other  hand,  suppose  the  accidental  are  takes  place  on  the 
upper  side  of  a  horizontally  placed  cable,  then  the  melted  lead 
from  the  sheath  will  tend  to  run  into  the  punctured  hole  in  the 
insulation  and  make  a  direct  contact  from  the  faulty  phase 
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to  ground.  If  the  charging  current  is  not  large,  then  the 
lead  in  a  solidified  form  may  have  sufficient  conductivity  to 
radiate  the  PR  given  to  it  by  the  grounding  current.  The 
extinguishment  of  the  arcing  ground  in  this  case  will  cut  off  the 
surges  and  a  system  would  be  able  to  run  for  hours  without 
interference  to  the  power  service.  If,  however,  the  lead  from 
the  sheath  which  melts  and  runs  into  the  hole  is  not  quite  suffi- 
cient to  carry  the  grounding  current,  it  will  be  continually 
breaking  up,  forming  a  short  arc  which  melts  more  lead,  which 
in  txun  again  shortens  the  arc.  In  other  words,  there  will  be  an 
intermittent  arc  to  ground.  The  duration  of  the  fault  before 
it  bums  into  a  short  circuit  may  still  be  many  minutes. 

By  taking  into  account  the  possible  variable  locations  of  the 
three  phases  relative  to  a  vertical  line,  and  the  variable  per- 
ipheral location  of  the  arc  on  the  sheath,  it  seems  possible  to 
explain  many  of  the  different  effects  that  have  been  obtained 
on  the  same  system  with  different  accidental  arcs  to  ground. 

Another  factor  is  the  peripheral  location  of  the  fault  on  the 
insulation  of  a  single  phase.  If  the  fault  should  occur  where  the 
insulations  of  the  two  adjacent  phases  come  in  contact  it  will, 
naturally,  burn  into  a  short  circuit  much  more  rapidly  than  if 
the  fault  should  occur  at  a  point  nearer  the  lead  sheath. 

Another  condition  that  will  cause  differences  in  transient 
potentials  has  been  mentioned  in  previous  papers.  This  dif- 
ference comes  from  the  location  of  an  accidental  arcing  ground 
relative  to  the  length  of  the  feeder.  Like  the  light  touch  of  a 
finger  on  a  violin  string  which  makes  it  vibrate  on  high  notes  by 
oscillations  in  sections,  the  same  condition  may  occur  electrically 
on  a  feeder.  There  are  certain  locations  on  a  violin  string  where 
a  light  touch  will  simply  dampen  the  vibrations.  Apparently 
there  exists  the  same  condition  in  the  electrical  circuit.  There 
are,  however,  many  places  on  the  violin  string  which  give 
different  clear  high  tones,  and  by  analogy,  there  are  the  same 
conditions  on  the  electrical  circuit.  If  any  one  of  these  high 
frequencies  happens  to  resonate  with  some  localized  inductance 
and  capacity  in  the  circuit,  damage  results.  This  is  mere  chance 
and  is  a  condition  which,  happily,  does  not  occur  often  during 
accidental  grounds. 

When  a  short  circuit  takes  place  which  is  not  the  result  of 
the  development  of  an  arcing  ground  it  usually  occurs  at  a 
defective  joint.  In  order  to  give  the  arcing  ground  suppressor 
a  maximum  efficiency  in  preventing  interruptions  of  service, 
special  care  should  be  taken  to  prevent  weakness  in  the  joints. 
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A  difference  has  been  noted  in  the  strength  of  joints  on  different 
sections  of  a  system  which  results  from  a  difference  in  the  policies 
of  the  repair  foremen.  On  one  section  the  foreman  makes  a 
repair  just  as  soon  as  it  can  be  done  at  any  time  of  day  or  night. 
On  the  other  section  the  foreman  waits  for  daylight  and  other 
favorable  conditions  of  the  atmosphere  and  weather.  The 
foreman  who  waits  for  propitious  conditions  has  fewer  break- 
downs in  joints  than  the  one  who  pays  less  attention  to  the 
conditions.  If  it  is* assumed  that  each  is  equally  conscientious 
in  his  work,  and  that  no  other  factors  enter,  the  extra  care  seems 
very   much   worth   while. 


PH.2 


Fig.  35 


From  the  relations  shown  in  Fig.  35  the  equation  for  the  po- 
tential of  one  of  the  non-grounded  phases  (Fi)  in  terms  of  the 
delta  potential  (F)  has  been  worked  out: 


V,=  Vv^  ±  1.734  V\/  K-^  +  2K 


in  which  K 


2  /.»2 


C^u) 


Since  the  diagrammatic  solution  is  so  much  simpler,  this  par- 
licular  analytical  form  has  little  to  recommend  it.  The  expres- 
sion in  polar  coordinates  is  simpler. 
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Summary 

• 

Generators  on  a  loaded  three-phase  system  maintain  practi- 
cally constant  delta  potential  between  phases.  The  generators 
themselves  generate  nearly  constant  and  stable  Y  potentials. 
Any  shifting  of  the  neutral  of  the  generator  on  a  loaded  system 
is  transitory.  The  values  of  potential  of  the  three  phases  to 
ground  are  determined  by  lines  drawn  from  the  comers  of  the 
delta  triangle  to  a  point  on  a  semicircle  drawn  on  the  Y  potential 
as  diameter.  This  semicircle  is  drawn  on  the  sid6  of  the  Y 
potential  next  to  the  succeeding  phase  (see  Fig.  35).  For  example, 
if  phase  2  is  grounded  the  semicircle  is  on  the  side  of  phase  3. 

In  the  oscillograms  of  the  operation  of  the  arcing  ground 
suppressors,  no  dangerous  potentials  were  observed.  The  sup- 
pressor operates  in  one-quarter  of  a  second  in  accordance  with  the 
usual  design  of  switch. 

Different  harmonics  were  found  on  the  system,  namely:  11,  13 
and  17,  which  were  magnified  more  or  less  according  to  the  con- 
ditions of  capacity.  In  themselves,  these  harmonics  have  no 
baneful  significance. 

The  effects  of  an  arcing  ground  on  a  cable  are  modified  by 
movements  of  the  melted  metal  of  the  lead  sheath.  On  the 
under  side  the  lead  drops  away  and  thus  increases  the  arc  length. 
On  the  upper  side  the  molten  metal  runs  down  into  the  fault  and 
shortens  the  arc. 

For  a  certain  value  of  resistance  to  ground,  the  value  that  drops 
the  potential  to  ground  by  about  one-third,  the  loss  of  energy 
in  the  fault  is  a  maximum  of  220  kw. 

A  method  of  predetermining  faults  in  the  insulation  while  the 
system  is  in  normal  operation,  is  proposed,  in  which  high-potential 
direct  current  is  applied  at  the  neutral,  protection  being  given 
by  arresters,  suppressors  and  localizers. 

All  the  protective  effects  of  a  grounded  neutral  may  be  obtained 
by  connecting  aluminum  cells  between  the  generator  neutral 
and  ground  and,  at  the  same  time,  all  the  objectionable  effects 
of  short  circuits  and  cross  currents  that  attend  a  groimded 
neutral  are  avoided. 

The  insulation  resistance  of  a  mixed  overhead  and  under- 
ground system  is  determined  almost  entirely  by  the  relatively 
high  leakage  over  the  insulators.  Weather  conditions  changed 
the  insulation  from  5000  ohms  to  over  500  megohms. 


A  paper  presented  at  the  20/A  Annual  Con- 
vention  of  the  American  Institute  of  Electrical 
Engineers,   Boston,   Mass.,  June  28,   1912. 
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RELAY  PROTECTIVE  SYSTEMS 


BY  L.  L.   ELDEN 


Reviewing  American  practise  in  the  use  of  relay  protective 
devices  for  electrical  generating,  transmission  and  distributing 
systems,  there  appears  to  have  been  no  material  change  in  the 
construction  or  commercial  application  of  this  class  of  apparatus 
in  a  considerable  period  of  years. 

Such  improvements  as  have  been  made  relate  principally  to 
mechanical  details  for  increasing  the  reliability  of  operation  and 
maintenance  of  adjustment  of  relay  apparatus.  Recently,  in 
response  to  demands  for  modifications  of  the  electrical  charac- 
teristics of  time  limit  overload  relays,  certain  changes  have  been 
made  in  existing  types  of  relays,  and  in  addition  a  new  type  of 
relay  has  been  introduced.  These  developments  have  tended 
to  increase  greatly  the  facilities  for  obtaining  selective  action 
between  different  relays  in  stations  where  such  operation  of 
relays  is  desired. 

Experience  has  shown  that  no  single  part  of  an  electrical 
system  is  free  from  the  possibility  of  injury,  either  accidental  or 
unavoidable  as  may  be  the  case,  and  that  it  is  incumbent  upon 
operating  and  designing  engineers  to  protect  their  systems  as 
far  as  possible  from  such  occurrences,  through  the  use  of 
protective  devices  suitably  designed  to  afford  such  protection. 

We  may  summarize  American  practise  in  the  application  of 
relay  protection  to  the  various  parts  of  alternating-current 
electrical  supply  systems  of  moderate  and  large  capacities  as 
follows : 

Generators.  In  general,  generators  are  not  arranged  for  auto- 
matic disconnection  from  the  system  which  they  supply,  upon 
the  occasion  of  a  fault  developing  within  their  windings  or  their 
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connections  to  the  main  buses.  Reverse  current  relays  are  used 
in  many  cases  to  operate  signals  to  indicate  reversal  of  current 
in  generator  circuits,  but  under  all  conditions  the  judgment 
and  movements  of  the  operator  are  usually  depended  upon  for 
the  proper  operation  of  generator  switches. 

Transmission  Lines.  Relay  protection  for  transmission  lines 
varies  with  type  and  method  of  operating  different  systems, 
but  in  general  either  instantaneous,  inverse  time  limit  or  definite 
time  limit  types  of  relays  have  been  used, according  to  engineering 
judgment. 

In  systems  operating  radial  feeders,  with  each  feeder  connect- 
ing to  only  one  substation  and  not  operated  in  parallel  at  sub- 
station ends,  reasonably  satisfactory  service  has  been  rendered 
by  the  types  of  delays  referred  to. 

In  systems  operating  ring  systems  of  feeders,  or  radial  feeders 
with  several  substations  in  tandem  on  a  single  feeder,  where 
selective  adjustments  are  required  between  different  relays  in 
order  to  prevent  interruption  of  service  from  all  stations  between 
a  fault  and  the  source  of  power,  satisfactory  results  have  rarely 
been  continuously  attained  with  any  of  the  types  of  relays 
mentioned.  In  attempting  such  operation  recourse  has  been 
had  to  reverse  current  relays  in  combination  with  time  limit 
overload  relays,  with  equally  unsatisfactory  results. 

In  addition  to  these  regular  or  standard  methods  of  employ- 
ing relays  for  line  protection,  many  attempts  have  been  made 
to  devise  arrangements  for  cutting  a  defective  feeder  out  of  ser- 
vice from  among  a  group  of  feeders  operating  in  parallel  at  both 
ends,  without  affecting  the  remaining  feeders.  Combinations 
of  reverse  current  and  time  limit  relays  have  been  used  for  this 
purpose,  arranged  with  interlocking  attachments  to  prevent  other 
than  faulty  feeders  being  affected. 

It  may  fairly  be  said  that  indifferent  success  has  uniformly 
been  the  result  of  the  use  of  such  arrangements,  due  in  some  part 
to  the  failure  of  the  apparatus  itself  to  operate  consistently  and 
continually  as  designed,  and  in  other  ways  the  apparatus  has 
failed  to  meet  the  conditions  developed  by  faults.  There  are 
of  course  some  instances  where  radial  systems  of  transmission 
lines  have  operated  with  reasonable  satisfaction,  using  some  form 
of  standard  relay  for  protection,  still,  it  is  well  known  that 
failures  have  been  experienced  through  faults  inherent  in  the 
relays  themselves,  thereby  producing  a  feeling  of  uncertainty 
as  to  their  operating  condition  at  all  times  while  in  service. 
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Recourse  has  been  had  to  frequent  inspection  and  tests  to  pre- 
vent failure  in  service,  all  of  which  creates  undesirable  expendi- 
ture for  maintenance  without  adequate  return  in  security  from 
failure.  . 

Putting  the  situation  plainly,  the  standard  relay  devices  in 
use  in  our  alternating-current  systems  are  inadequate  properly  to 
protect  the  apparatus  they  are  intended  to  protect,  simply  be- 
cause they  do  not  discriminate  between  faults  and  excess  current 
conditions. 

It  is  probable  that  very  few  engineers  on  this  side  of  the  water 
appreciate  the  great  difference  between  American  and  European 
practise  in  the  use  of  relay  protective  devices.  Articles  have 
appeared  in  the  technical  press  from  time  to  time  in  which  brief 
comment  has  been  made  in  reference  to  certain  developments  and 
applications  of  protective  systems  in  England  and  on  the  Con- 
tinent, without,  however,  attracting  the  attention  they  deserved. 

A  personal  inspection  of  some  of  the  larger  European  under- 
takings reveals  substantial  advances  in  the  art  of  relay  protec- 
tion which,  as  applied  to  generators — sections  of  busbars — 
transmission  lines  and  substation  apparatus,  have  operated  with 
marked  success.  Several  systems  have  been  developed  which 
possess  merit,  but  among  them  all  the  system  invented  by  Messrs. 
Merz  and  Price  of  London,  England,  is  apparently  the  most 
flexible  and  best  adapted  for  application  to  any  of  the  problems 
of  such  a  character  as  are  met  with  in  the  protection  of  the 
various  apparatus  and  connecting  links  comprising  electrical 
supply  systems. 

This  form  of  protection  has  proved  so  reliable  in  practise 
that  it  has  become  not  only  safe,  but  possible,  to  operate  high- 
tension  interconnected  transmission  systems  without  risk  of  the 
failure  of  a  single  section  interfering  with  the  remainder  of  the 
system.  Individual  ring  feeders  may  not  only  be  cross-connected 
at  will,  but  may  with  perfect  safety  be  interconnected  with  other 
ring  or  radial  feeders  as  desired,  either  for  reasons  of  capacity 
or  insurance  of  service  to  consumers.  The  economic  advantages 
resulting  from  such  use  of  investment,  particularly  in  systems 
covering  wide  areas,  are  too  obvious  to  require  comment.  The 
extent  to  which  the  interconnection  of  feeders  and  generating 
stations  is  carried  out  in  regular  service  is  indicated  in  some 
measure  by  reference  to  Fig.  1 ,  in  which  is  shown  a  typical  ar- 
rangement of  interconnected  high-tension  feeders. 

This  system  of  protection  has  the  further  advantage  of  being 


ELDEff:  RELAY  PROTECTIVE  SYSTEMS 


Uui 


discriminative  in  action,  operating  only  under  fault  conditions, 
and  possessing  the  further  valuable  characteristics  of  cutting 
out  defective  apparatus  instantly,  or  while  troubles  are  in  the 
incipient  stage,  thus  preventing  the  destructive  aftermath  which 
sometimes  follows  minor  troubles  if  allowed  to  develop  to  serious 
proportions.  Its  introduction  and  subsequent  use  has  modified 
foreign  practise  to  such  an  extent  that  there  is  a  strong  tendency 
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to  apply  the  system  to  generator  protection  in  many  new  instal- 
^lations,  while  some  important  companies  are  adopting  this 
system  for  the  protection  of  existing  generating  and  transforming 
apparatus. 

The  Merz-Price  system  of  relay  protection  is  based  on  the 
principle  that  if  a  conductor  in  service  is  in  a  soimd  condition 
the  current  entering  and  leaving  it  must  be  of  the  same  value, 
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due  allowance  being  made  for  losses.  It  will  thus  be  apparent 
that  such  a  system  is  capable  of  being  arranged  for  the  protection 
of  any  generator,  section  of  busbar  or  transmission  line,  by  in- 
troducing suitable  relay  equipment  at  the  proper  points. 

The  apparatus  employed  in  this  system  consists  of  suitably 
designed  series  transformers  and  relays,  and,  in  addition,  pilot 
wires  forming  a  connecting  link  between  the  relay  apparatus 
located  at  the  terminals  of  the  protected  section  of  line. 

The  limitations  of  the  system  lie  mainly  in  the  first  cost  and 
construction  incident  to  the  installation  of  the  pilot  wires,  the 
remainder  of  the  apparatus  or  its  application  being  no  more 
costly  and  at  the  same  time  far  simpler  than  the  devices  which 
we  regularly  use  for  similar  purposes.  In  the  commercial  use 
of  this  system  two  standard  arrangements  of  the  apparatus  are 
generally  employed,  although  many  other  combinations  may 
be  arranged  for  special  purposes.  These  two  standard  arrange- 
ments are  designated  as  "  current  balancing  *'  and  "  potential 
or  e.m.f.  balancing."  **  Current  balancing  **  is  usually  employed 
for  the  protection  of  generators,  transformers,  frequency  changers, 
etc.,  while  *'  e.m.f.  balancing  "  is  used  in  connection  with  feeder 
protection  where  the  energy  losses  in  the  pilot  wires  make  the 
current  balancing  scheme  undesirable.  In  addition  another 
development  is  called  the  "  magnetic  balance  system  " ,  which  has 
its  application  in  similar  locations  to  those  in  which  current 
balancing  is  used. 

Fig.  2  illustrates  the  principles  of  these  three  arrangements  of 
protective  devices,  in  which 

A  represents  the  "  current  balance  system  "  applied  to  the 
protection  of  a  transformer, 

B  represents  the  ''  e.m.f.  balance  system  "  applied  to  feeder 
protection,  and 

C  represents  the  **  magnetic  balance  system  **  applied  to 
transformer  protection. 

In  A  it  will  be  noted  that  series  transformers  are  installed  on 
both  primary  and  secondary  sides  of  the  main  transformer. 

The  series  transformers  are  of  such  ratios  that  their  secondary 
currents  are  equal  at  all  loads  on  the  main  transformer,  and  are 
connected  with  their  secondaries  in  series,  with  the  current  flow- 
ing in  the  same  direction  through  the  secondary  circuit.  Suitable 
pilot  wires  are  employed  to  complete  a  relay  tripping  circuit, 
with  the  relays  connected  to  the  central  points  of  the  secondary 
circuit  as  shown.     As  the  connection  of  the  relay  circuit  to  the 
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secondary  circuit  is  made  at  the  point  of  zero  potential,  no  cur- 
rent flows  in  the  relay  circuit  so  long  as  the  current  in  the  main 
conductors,  and  therefore  in  the  secondaries  of  the  series  trans- 
formers, remains  balanced  or  in  the  same  ratio.  Any  variation 
in  this  current  balance  results  in  a  flow  of  current  through  the 
relay  circuit,  thus  causing  the  relays  to  operate  to  open  the  main 
switches  on  both  sides  of  the  main  transformer,  upon  the  un- 
balance  reaching   predetermined   values  for  which  the  relays 
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Fig.  2 — Typical  Arrangements  of  Merz-Price  Protective  System, 


may  be  adjusted.  Series  transformers  of  any  standard  design 
are  suitable  for  use  with  this  scheme  of  protection,  provided, 
however,  they  are  of  sufficient  capacity  to  furnish  the  necessary 
current  to  overcome  the  resistance  of  the  pilot  wires  and  trip 
coils  as  well  as  their  own  impedance.  What  is  more  important, 
they  must  maintain  their  own  ratio  with  great  accuracy  under 
extreme  overloads,  otherwise  the  relays  may  be  operated  at 
tinies  unnecessarily,  through  the  difference  in  secondary  currents 
delivered  by  the  protective  transformers  under  the  same  load. 
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B  illustrates  the  "  e.m.f.  balance  system  "  as  applied  to  a 
single  feeder.  Series  transformers  are  used  as  in  the  preceding 
case  except  that  in  this  system  they  are  connected  with  their 
secondaries  opposed  or  bucking,  under  which  conditions  no 
current  flows  in  the  secondary  circuit  as  long  as  the  current  in 
the  main  conductor  is  normal  throughout  the  protected  section. 
Upon  this  balance  becoming  affected,  the  difference  in  potential 
thus  created  between  the  series  transformers  will  force  current 
through  the  secondary  circuit  and  actuate  the  relays  included 
in  that  circuit,  to  close  the  trip  circuit  and  open  the  main  switches. 
Series  transformers  for  the  "  e.m.f.  balance  system  "  must  usually 
be  of  special  design,  as  most  types  of  standard  transformers 
cannot  be  operated  on  open  circuit  without  burning  out.  These 
transformers  must  be  designed  to  operate  with  a  low  temperature 
rise,  and  be  of  ample  capacity  to  supply  the  energy  necessary 
to  overcome  the  resistance  of  the  pilot  wire  and  relay  circuit. 
What  is  most  important,  they  must  be  able  to  maintain  exact 
ratios  of  transformation  under  all  conditions  of  load,  including 
extreme  overloads.  Substantial  insulation  must  be  provided 
between  secondary  turns  in  these  transformers  to  withstand 
successfully  the  high  potentials  developed  by  heavy  rushes  of 
current  in  the  main  conductors  when  occasioned  by  faults  else- 
where in  the  system,  or  by  the  heavy  starting  currents  of  motors 
of  large  capacity. 

C  illustrates  the  "  magnetic  balance  system  "  as  applied  to  the 
l^rotection  of  a  single  transformer.  The  series  transformers 
are  arranged  with  their  secondary  circuits  connected  to  a  balan- 
cing transformer  provided  with  a  one  to  one  winding.  As  the  series 
transfomiers  are  designed  for  equal  secondary  currents  with  re- 
lation to  the  ratio  of  the  main  transformer,  the  resultant  flux  in  the 
core  of  the  balancing  transfonner  is  zero  and  no  current  will  flow 
in  the  winding  connected  to  the  trip  circuit,  so  long  as  the  main 
transformer  is  in  sound  condition.  Upon  the  occurrence  of  a 
fault  within  the  main  transformer,  the  currents  in  the  secondary 
circuits  of  the  series  transformers  will  become  unbalanced,  re- 
sulting in  an  induced  potential  in  the  trip  circuit  windings, 
sufficient  to  oj^eratc  the  relays  to  open  the  main  switches.  Stand- 
ard series  transformers  may  be  used  with  this  system,  providing 
they  are  of  suitable  capacity  and  of  correct  ratio.  The  addition 
of  the  balancing  transformer  may  or  may  not  offer  advantages 
over  the  regular  **  current  balance  system  *'  according  to  condi- 
tions, although  it  is  to  be  noted  that  the  latter  system  ai^^^^ax^ 
to  be  preferred  in  all  recent  installatioiv^. 
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Relays  used  with  the  Merz-Price  system  are  of  the  simplest 
forms  of  the  instantaneous  type  of  circuit-closing  relay,  capable 
of  adjustment  for  different  currents  and  arranged  with  time  limit 
attachments  when  used  for  the  protection  of  certain  classes  of 
apparatus  such  as  generators  or  transformers.  These  time  limit 
attachments  are  provided  to  prevent  the  opening  of  main  switches 
by  heavy  rushes  of  current  which  may  be  developed  when  syn- 
chronizing generators,  or  switching  large  transformers  into 
service. 

Experience  indicates  that  for  reliability  it  is  best  to  use  a 
battery  for  operating  the  trip  coils  on  switches,  in  preference 
to  using  alternating-current  trip  coils  directly  in  the  secondary 
circuits  of  the  system.  The  battery  system  requires  series 
transformers  of  less  capacity  and  makes  certain  that  low  voltage 
in  the  main  system  will  not  lower  the  secondary  potentials  to 
values  insufficient  to  operate  the  trip  coils. 

Important  as  are  the  other  features  of  this  system,  no  less 
important  is  the  part  played  by  the  main  switches  used  in  con- 
nection with  these  relay  devices.  A  quick -acting  switch  is  a 
necessity  if  the  full  benefit  of  the  action  of  the  relay  on  minor 
faults  is  to  be  obtained. 

That  such  switches  have  been  developed  is  shown  by  the  ab- 
sence of  serious  damage  to  cables  or  their  surroundings  upon  the 
occasion  of  cable  failures,  there  being  every  evidence  that  such 
faults  are  cut  out  very  early  in  their  development.  It  should 
also  be  noted  in  this  connection  that  the  duties  imposed  on  oil 
switches  when  used  on  systems  provided  with  balance  protec- 
tion, are  not  nearly  as  severe  as  in  situations  where  ordinary 
overload  protection  is  provided,  due  to  the  early  disconnection 
of  defective  equipment  under  conditions  which  require  the 
actual  rupture  of  relatively  small  amounts  of  current. 

The  remaining  link  to  be  considered  to  complete  the  con- 
nections between  the  several  parts  of  this  system  is  the  pilot 
cable.  Where  employed  with  either  overhead  or  underground 
construction  a  No.  12  B.  &  S.  gage  3-conductor,  lead -covered, 
paper-insulated  cable  of  low  capacity  is  generally  employed, 
although  in  some  modifications  of  the  standard  methods  of 
connection,  only  two  pilot  wires  are  used.  In  underground 
installations  this  cable  is  laid  beside  the  main  cable  in  the  same 
trench  in  the  solid  system  of  construction,  or  is  drawn  into  a 
separate  duct  where  the  drawing-in  system  of  construc- 
tion   is    used.     Where    used    in    connection    with    overhead 
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lines,  a  catenary  suspension  is  provided  for  the  pilot  cable  which 
is  ordinarily  attached  to  the  poles  or  carrying  structures  at  a 
considerable  distance  below  the  main  conductors.  In  certain 
undertakings  open  wires  have  been  used  for  pilot  wires  on 
overhead  lines,  but  not  with  as  satisfactory  results  as  cable  in- 
stallations have  shown,  owing  to  the  induced  currents  developed 
in  the  pilot  circuit,  due  to  proximity  to  the  high-tension  wires. 
These  currents  have  caused  relays  to  trip  upon  the  occasion  of 
disturbances  in  the  system,  when  there  was  no  trouble  with  the 
main  conductor  being  protected.  As  previously  stated,  the 
first  cost,  installation  and  maintenance  of  the  pilot  wires  is  the 
serious  drawback  to  this  system,  amounting  to  approximately 
$1000  per  mile  as  far  as  the  cost  of  underground  construction 
is  concerned,  although  varying  conditions  may  make  it  possible 
materially  to  reduce  this  cost,  when  a  number  of  cables  are  to 
be  protected.  It  is  obvious  that  the  maintenance  of  the  pilot 
cable  is  of  no  less  importance  than  that  of  the  main  cable,  as 
a  break  in  the  pilot  wires  immediately  causes  the  relays  to  operate 
the  main  switches  exactly  as  though  a  fault  had  occurred  in  the 
main  cable.  Troubles  of  this  character  are  more  liable  to  occur 
with  overhead  construction,  owing  to  the  exposed  positions  in 
which  they  are  placed  with  respect  to  opportunities  for  malicious 
damage,  or  that  resulting  from  the  action  of  the  elements. 

The  really  excellent  feature  of  the  Merz- Price  system,  aside 
from  its  extreme  simplicity,  is  its  ability  to  protect  against  faults 
in  any  part  of  a  system,  thereby  permitting  the  operation  of 
momentary  and  continuous  overloads  at  the  discretion  of  the 
operator,  without  fear  of  interruption  from  the  operation  of 
the  relay  devices. 

This  is  a  sharp  contrast  to  American  practise,  where  heavy 
momentary  overloads  are  likely  to  cause  interruptions  of  service 
unless  special  provisions  have  been  made  to  the  contrary,  and 
in  the  case  of  continuous  overloads  special  relay  adjustments 
may  be  required. 

The  Merz- Price  system  may  properly  be  termed  a  system 
of  protection  which  makes  possible  for  the  first  time  the  supply 
of  continuous  service  in  alternating -current  systems,  in  that  it 
makes  possible  the  operation  of  ring  systems  of  feeders,  or  sys- 
tems of  feeders  operating  in  parallel  at  both  ends,  and  at  the 
same  time  insures  the  instantaneous  disconnection  of  any  faulty 
feeder  or  section  of  a  ring  feeder,  ^\dthout  affecting  the  service 
of  the  rest  of  the    system.      In    making    this    as^fixXAorcv  \\,  \% 
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assumed  that  in  the  design  of  ring  systems  of  feeders,  the  con- 
ductors forming  each  ring  are  of  suitable  capacity  to  carry  the 
entire  load  in  either  direction,  or  that  interconnection  with 
other  feeders  will  afford  the  same  capacity. 

Consideration  of  the  value  of  a  protective  system  such  as  is 
here  under  consideration  naturally  involves  discussion  relative  to 
the  desirability  of  using  anyone  of  several  arrangements  of  trans- 
mission lines,  that  is,  whether  ring  systems  or  radial  systems  of 
duplicate  independent  feeders,  or  combinations  of  both,  are  most 
desirable.  This  is  a  question  to  be  decided  on  its  merits  in  each 
case,  and  has  no  particular  bearing  on  the  relay  question  as 
that  is  adapted  to  all,  but  it  is  fair  to  assume  that  in  supplying 
service  to  any  substation,  more  than  one  source  of  supply  is  de- 
sirable. In  widely  scattered  districts  it  is  apparent  that  a  ring 
main  will  more  economically  serve  such  business,  and  at  the  same 
time  afford  full  protection  against  failure  of  service.  Conditions 
of  supply  in  large  cities  usually  require  the  delivery  of  large 
quantities  of  energy  to  individual  substations,  making  it  necessary 
to  employ  several  feeders  for  each  station,  under  which  plan  the 
radial  system  is  adopted  with  each  feeder  carrying  full  load,  with 
perhaps  a  duplicate  feeder  or  equivalent  capacity  in  reserve.  In 
this  case  there  can  be  no  advantage  in  a  ring  system,  from  any 
point  of  view.  Certain  companies  employing  duplicate  radial 
feeders  with  a  number  of  substations  in  tandem,  would  obviously 
greatly  improve  the  capacity  and  reduce  the  losses  in  their  sys- 
tems, if  such  lines  were  operated  with  their  ends  in  parallel  at  the 
most  distant  substation,  or  possibly  at  other  substations  as  well. 

The  fact  remains  that  this  system  provides  opportunities  for 
operating  economics  in  substations  which  at  first  glance  may  not 
be  appreciated.  It  is  not  unusual  to  find  many  English  sub- 
stations in  service  without  attendance  of  any  character,  where 
the  Merz- Price  system  of  protection  is  employed  for  the  protec- 
tion of  feejiers  and  apparatus.  This  is  possible  in  transformer 
substations  located  on  consuifier's  property,  where  energy  is  sold 
in  bulk  to  a  consumer  through  step-down  transformers,  without 
regulation  or  further  attention.  Under  such  circumstances  if  the 
main  switches  on  a  ring  main  and  the  transformers  supplying  the 
service  are  protected  by  this  system  of  relays,  it  is  obvious  that  a 
certain  number  of  such  stations  in  a  system  require  no  operators, 
and  no  unfavorable  conditions  will  result  to  the  consumer  from 
their  absence,  provided  the  transmission  system  is  properly  de- 
signed and  the  consumer's  own  equipment  is  protected  by  suit- 
able overload  devices. 
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It  is  evident  that  a  switch  failure  or  short  circuit  on  the  station 
busbars  is  a  form  of  trouble  to  which  the  balance  system  of  pro- 
tection is  applicable  with  satisfactory  results.  It  is  noted  in 
actual  practise,  however,  that  owing  to  the  success  attending 
the  operation  of  oil  switches  in  the  protection  of  feeders  and 
station  apparatus,  the  need  for  special  protection  for  busbars  is 
rarely  recognized  in  commercial  operations. 

While  mention  has  been  made  of  the  simplicity  of  the  relays, 
it  is  not  to  be  inferred  that  a  certain  amount  of  care  and  testing 
is  not  required  for  their  maintenance.  On  the  contrary,  it  is 
desirable  to  test  the  operation  of  the  relays  and  continuity  of  the 
pilot  circuit  at  regular  intervals,  by  manually  operating  the  relays 
to  open  the  switches  at  the  ends  of  a  protected  line.  The  amount 
of  fault  current  upon  which  the  relays  are  to  operate  having  been 
previously  determined  and  adjustments  made  for  such  values,  no 
further  tests  are  required  except  those  to  determine  the  mechan- 
ical condition  of  the  relays  and  switches,  and  the  continuity  of 
the  pilot  wires. 

To  those  who  may  contemplate  the  use  of  the  balance  system 
of  relay  protection,  too  much  cannot  be  said  in  emphasizing  the 
necessity  of  using  series  transformers  of  ample  capacity  and 
exactly  similar  ratios. 

Determination  of  actual  transformer  ratios  should  be  ascer- 
tained by  actual  tests  on  each  group  of  transformers  to  be  bal- 
anced against  each  other  in  service.  By  this  method  errors  in 
ratio  under  abnormal  overloads  may  be  determined  in  advance 
and  corrections  made  to  insure  the  proper  operation  of  the  pro- 
tective apparatus  under  all  conditions. 

In  English  practise  a  series  transformer  with  a  single  primary 
turn  and  an  open  magnetic  circuit  has  proved  most  satisfactory 
in  all  respects.  Transformers  of  this  design  may  be  more  con- 
veniently tested  and  adjusted  for  balance  than  any  other  type, 
although  series  transformers  of  both  open  and  closed  magnetic 
circuit  types  are  in  general  use,  and  after  adjustment  render 
equally  efficient  service. 

Transformers  used  for  feeder  protection  must  be  constructed 
with  ample  insulation  betweea  secondary  turns,  for  when  op- 
erated with  secondaries  open -circuited  or  bucking,  potentials  are 
created  in  the  secondary  circuits  which  are  usually  in  excess  of 
those  for  which  standard  series  transformers  ordinarily  used  in 
our  practise  are  designed.  These  potentials  often  reach  600  to 
700  volts  in  transformers  used  with  the  Merz-Price  system  for 
the  protection  of  long  high-tension  feeders. 
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In  order  to  illustrate  the  application  of  this  system  of  pro- 
tection to  various  situations,  there  follows  a  series  of  diagrams. 
Figs.  3  to  8,  showing  typical  arrangements  and  connections  of 
transformers,  relays  and  pilot  wires,  as  used  in  protecting  cer- 
tain apparatus. 

Pig.  3  illustrates  the  application  of  "  current  balance  protec- 
tion "  to  generators — series  transformers  of  proper  capacity  and 
ratio  are  inserted  in  the  generator  circiiit  with  their  secondaries 
connected  through  pilot  wires  to  relays  arranged  to  control  the 
openii^  of  the  main  generator  switch. 

Any  failure  within  the  generator  windings  or  connections  to 
the  buses,  which  afiects  the  balance  of  current  in  the  main  and 
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secondary  circuits,  causes  the  relays  to  open  the  main  switch 
and  disconnect  the  generator  from  the  system. 

Fuses  are  inserted  at  F  to  shunt  the  relays  when  a  time  element 
feature  is  desired  to  prevent  the  main  switch  opening  upon  the 
development  of  heavy  currents  which  sometimes  occur  during 
synchronizing. 

In  Fig.  4  is  shown  the  arrangement  of  series  transformers  and 
relays  for  the  protection  of  transformers.  The  small  sketch 
shows  the  secondarj'  circuits  only.  Fuses  for  the  time  limit 
protection ,  marked  F.are  included  to  provide  for  momentary 
rushes  of  magnetizing  current,  when  the  main  transformer  is 
connected  to  the  system.     It  is  customary  to  remove  these  fuses 
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after  the  transformer  is  in  service  if  no  time  limit  protection  is 
then  desired. 

Fig.  5  shows  a  method  of  protecting  against  faults  in  feeders 
by  the  "  e.m.f.  balance  method."  This  has  been  found  more 
desirable  than  current  balancing,  as  the  energy  required  to  over- 
come the  resistance  of  the  pilot  wires  on  long  feeders  would  be 
prohibitive.  The  two  small  sketches  show  methods  of  connec- 
tion employed  with  grounded  and  non-groimded  neutral  sys- 
tems. 

Fig.  6  illustrates  the  application  of  "  e.m.f,  balance  protection  " 
to  main  feeders  with  tee  connection  on  systems  with  insulated 
neutral.  Tee  connection  on  such  feeders  should  be  avoided 
wherever    possible. 
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Fig,  7  illustrates  a  method  of  protection  occasionally  used, 
styled  "  neutral  wire  balancing."  The  transformers  are  con- 
nected as  for  current  balancing,  with  the  neutral  wire  connecting 
between  the  two  points  of  equal  potential  at  the  ends  of  the  pro- 
tected section.  In  this  case  no  current  passes  through  the  pilot 
system  in  which  the  relays  are  connected  .under  normal  conditions . 

The  method  shown  in  Fig.  8  has  its  application  to  single  radial 
feeders  and  depends  for  its  operation  upon  the  leakage  of  current 
to  earth,  from  one  of  the  conductors  in  a  three-conductor  feeder. 
Such  unbalancing  in  the  current  in  the  three  conductors  of  a 
feeder  destroys  the  balance  in  the  relay  or  trip  circuit,  and  re- 
sults in  opening  the  main  swifch  to  disconnect  the  leeAet . 
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As  previously  noted,  the  most  reliable  operation  is  secured 
where  a  storage  battery  is  used  to  supply  tripping  current, 
although  these  batteries  are  not  shown  in  some  of  the  diagrams. 

Referring  for  a  moment  to  Fig.  I,  there  is  shown  the  applica- 
tion of  balanced  protection  to  a  high-tension  feeder  system  in 
which  both  ring  and  radial  systems  are  combined.  Two  genera- 
ting stations  are  shown  feeding  into  the  same  network,  indica- 
ting the  flexibility  possible  in  the  application  of  this  form  of  pro- 
tection to  all  situations.  It  will  be  noted  that  a  combination  of 
two  methods  is  employed  at  the  ends  of  the  feeders  at  generating 
stations,  and  at  points  where  cross-connections  between  feeders- 
are  made  at  substations. 


Pig.  7 — Feeder    Protection—  Pic.  S — Merz- Price     Core 

3.M.F.  Balance— Neutral  Wire       Balance     or     Leakage     Pro- 


As  the  Merz-Price  protection  is  for  faults  and  not  for  over- 
loads, it  is  advisable  to  add  a  time  limit  relay  for  overload  pro- 
tection at  certain  points  as  indicated,  to  provide  for  possible  con- 
tingencies such  as  a  busbar  fault  or  switch  failure  in  a  substation, 
which,  being  simply  a  short  circuit  between  the  conductors  of  a 
feeder,  would  still  result  in  auniform  current  throughout  the  length 
of  the  feeder,  and  therefore  not  affect  the  balanced  protection. 
This  possibility  is  actually  very  remote,  as  ordinarily  such  a  fault 
would  naturally  develop  short  circuits  to  earth,  producing 
conditions  favorable  for  the  operation  of  the  b;ilanccd  protective 
devices. 

Time  limit  relays  on  cross-conntctions  between  feeders  serve 
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to  separate  the  feeders  into  groups  upon  a  short  circuit  occurring 
on  any  single  feeder,  thereby  limiting  the  spread  of  trouble  be- 
yond the  original  feeder  or  group  of  feeders  in  which  it  occurred. 

It  is  advisable  to  adjust  time  limit  relays  for  practically  in- 
stantaneous tripping  when  used  on  cross-connections  between 
feeders,  and  when  employed  at  generating  station  ends  of  such 
feeders  in  conjunction  with  balance  protection,  relatively  long 
time  limit  settings  should  be  employed. 

After  personally  observing  the  results  attained  by  users  of 
the  Merz-Price  system  in  England  in  protecting  station  appa- 
ratus, such  as  transformers,  the  writer  deemed  it  desirable  to 
apply  this  form  of  protection  to  the  transforming  apparatus  in 
the  substations  of  the  company  with  which  he  is  connected. 

Current  balancing  proved  the  most  desirable  system  of  protec- 
tion to  employ,  affording  as  it  did  an  opportunity  to  use  existing 
s:ries  transformers  for  operating  the  relays.  These  transformers 
were  tested  carefully  to  determine  their  actual  capacity  and  ratio 
under  heavy  overload  conditions.  The  results  show  that  certain 
types  of  standard  transformers  are  entirely  satisfactory  for  use 
with  this  system  of  balance  protection.  Experimental  circuit- 
closing  relays  were  constructed  and  substituted  for  the  time 
limit  overload  relays  formerly  used  in  the  protection  of  three 
5000-kw.,  three-phase,  7000/ 14000 -volt,  60-cycle  transformers  in 
the  main  generating  station  of  the  Boston  Edison  Company. 
Several  months'  use  of  the  apparatus  has  given  most  satisfactory 
results  in  handling  the  heavy  rushes  of  magnetizing  current  de- 
veloped by  switching  operations  when  the  transformers  are  cut 
into  service,  as  well  as  those  caused  by  faults  in  overhead  and 
underground  feeders.  The  relay  which  was  finally  adopted  is 
of  the  simplest  form,  comprising  suitable  circuit-closing  contacts 
and  a  single  solenoid  provided  with  two  similar  windings  of  the 
same  number  of  ampere -turns.  One  relay  was  provided  for 
each  phase  of  the  main  transformer  to  be  protected,  with  its  two 
windings  so  connected  to  the  secondaries  of  series  transformers 
that  they  opposed  each  other  when  the  current  in  the  main  trans- 
fonner  windings  was  normal. 

The  relays,  Fig.  9,  were  adjusted  to  close  with  an  unbalanced 
current  equivalent  to  150  percent  of  the  normal  full  load  current 
of  the  transformer,  this  allowance  covering  the  magnetizing  cur- 
rents developed  when  a  transformer  was  switched  into  service, 
without  making  it  necessary  to  resort  to  time  limit  attachments 
on  the  relay  to  meet  these  conditions. 
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Following  this  experimental  installation,  it  is  now  proposed 
to  equip  similarly  all  transformer  installations  in  substations 
throughout  the  system,  using  standard  transformers  now  in  service 
and  substituting  the  special  relay  for  the  present  equipment  of 
inverse  time  limit  relays. 

The  introduction  of  this  system  of  protection  will  afford 
immunity  from  the  interruptions  of  service  sometimes  caused  by 
heavy  short  circuits  on  distributing  circuits  unnecessarily  opening 
the  main  switches  on  substation  transformers,  through  the  action 
of  instantaneous  or  time  limit  overload  relays  as  now  employed. 

The  use  of  this  system  of  protection  will  be  extended  to  all 
new  transmission  lines  as  installed,  particularly  those  lines  serv- 
ing suburban  districts.     This  course  will 
finally  introduce  many   protected   sec- 
tions of  line  into  the  system  and  ma- 
terially aid  in  improving  the   present 
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Fig.  9 — Transformer  Protection — 
Experimental  Application  of  Current 
Balance  Method. 
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Fig.  10 — Ring    System 
OF  Feeders. 

Sections  1,  3,  5.  protected  by 
I.  T.  L.  overload  relays. 

Sections   2,    4.   protected    by 
Merz-Price  system. 


methods  of  relay  protection.  Where  such  protected  lines  are 
conveniently  located  the  operation  of  closed  ring  systems  will 
become  feasible,  for  through  the  introduction  of  one  or  more 
such  protected  sections,  improved  selected  action  may  be 
obtained  from  the  relays  now  in  use  on  existing  lines  which 
may  go  to  make  up  a  ring  feeder. 

The  possibilities  of  improving  conditions  by  applying  the 
**  balance  system  **  of  protection  to  a  limited  number  of  lines  in 
an  existing  system,  where  the  expense  involved  to  equip  all  lines 
is  prohibitive,  is  illustrated  in  Fig.  10,  in  which  is  shown  a  typical 
ring  feeder  supplying  several  substations. 

Three  sections  of  this  feeder  are  equipped  with  standard  in- 
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verse  time  limit  overload  relays  and  two  sections  with  the 
"  balance  protection.*' 

Assume  that  sections  2  to  4  are  adjusted  to  trip  on  fault 
currents  equivalent  to  20  per  cent  of  normal  full  line  current. 
Adjust  time  limit  overload  relays  on  1  to  5  for  twice  normal  full 
line  current  in  three  seconds,  and  adjust  similar  relays  on  section 
3  for  half  these  values.  It  will  then  be  possible  for  a  fault  to 
appear  on  3,  causing  its  relays  to  open,  without  interrupting  the 
service  on  the  other  sections  of  the  ring. 

Similarly, either  section  2  or  4  may  prove  defective  and  be 
cut  out  of  service  automatically  by  the  *'  balance  protection  " 
without  affecting  the  other  sections,  assuming  in  each  case  that 
the  lines  comprising  the  ring  are  of  sufficient  capacity  to  cany 
the  whole  load  in  either  direction. 

Should  section  1  be  damaged  it  is  probable  that  the  relays  on 
section  1  to  3  would  open  on  accotmt  of  their  relative  adjustments, 
thus  interrupting  service  from  two  substations  for  a  time  at  least. 
The  same  conditions  would  apply  to  a  fault  on  5,  and  although 
somewhat  unsatisfactory  in  the  last  two  cases,  the  results  are  a 
great  improvement  over  those  obtained  from  the  use  of  inverse 
time  limit  overload  relays  ordinarily  used  for  such  stations. 
Variations  in  the  location  of  the  section  of  lines  equipped  with 
balance  protection  will  introduce  new  combinations  of  relay 
adjustments,  but  the  conditions  suggested  in  Fig.  10  will  illus- 
trate the  possibilities  and  results  obtainable  by  a  partial  applica- 
tion of  the  balance  protection  to  an  existing  system  of  feeders. 

Another  arrangement  of  the  Merz-Price  system  is  shown  in  Fig. 
1 1 ,  representing  the  application  of  the  "  magnetic  balance  system  " 
to  the  protection  of  certain  important  tie  line  feeders  connecting 
two  large  generating  stations  of  the  Commonwealth  Edison  Com- 
pany, of  Chicago. 

In  this  case  the  magnetic  balance  system  was  chosen,  as  it 
afforded  an  opportunity  to  employ  existing  series  transform- 
ers, by  simply  adding  relays  and  a  special  balancing  transformer 
with  windings  arranged  as  shown  in  the  illustration.  The 
adaptation  of  this  apparatus  to  an  existing  switchboard  panel 
is  shown  in  Fig.  12,  where  the  change  from  inverse  time  limit 
overload  protection  was  made  with  scarcely  any  disturbance  to 
existing  switchboard  arrangements.  Experience  with  this  instal- 
lation is  somewhat  limited,  but  in  so  far  as  operated  the  results 
are  satisfactory,  and  the  engineers  of  the  company  are  studying 
the  further  application  of  the  system  of  protection  to  other  parts 
pf  the  system. 
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Another  system  of  relay  protection  has  been  devised  by  Mr. 
Hochstadter  of  Cologne,  Germany,  which, while  somewhat  dif- 
ferent in  principle,  effects  the  same  results  in  feeder  protection 
as  the  Merz-Price  system.  In  this  system,  when  applied  to  a 
three-phase  feeder,  a  copper  ribbon  is  wound  spirally  around 
each  main  conductor  of  a  three-conductor  cable  during  the  pro- 
cess of  manufacture.     These  ribbons  are  insulated  from  the  main 
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Fig.  11 — Special  Protective  Relay  System  used  by  Commonwealth 

Edison  Company. 


conductors  and  sheath,  and  from  each  other,  and  in  service  are 
connected  to  an  auxiliary  storage  battery  and  suitable  relays,  all 
arranged  to  operate  the  main  feeder  switches  upon  the  occasion 
of  a  fault  in  the  main  cable. 

Whenever  the  insulation  breaks  down  at  any  ])()int  in  the  cable, 
a  connection  is  established  between  the  main  conductor  and  its 
copper  ribbon,  or  between  conductor,  copper  ribbon  and  sheath, 


Fig.  12 — Special  Relav  Apparatus  os  Switchboards. 
Commonwealth  Edison  Comp.    ■ 
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thereby  allowing  current  to  flow  in  the  relay  circuit  to  actuate 
the  feeder  switches  at  both  ends  of  the  defective  feeder,  as  clearly 
shown  in  a  typical  diagram  of  this  system  reproduced  in  Fig.  13. 

Choke  coils  are  included  in  the  relay  circuit  to  limit  the  alter- 
nating current  which  would  otherwise  flow  in  the  circuit  formed 
by  the  copper  ribbons  around  the  conductors. 

This  system  admittedly  possesses  some  admirable  features, 
particularly  in  the  absence  of  a  separate  pilot  wire  cable,  and 
while  somewhat  complicating  the  construction  of  the  main  feeder 
cable  by  the  introduction  of  the  copper  ribbons,  this  detail 
appears  to  have  been  satisfactorily  accomplished. 

A  number  of  installations  using  the  Hochstadtcr  system  of 
protection  have  been  made  in  Germany,  notably  in  Cologne, 
where   an  extensive   thrcc-phasc  ring  transmission  system  has 


been  in  operation  at  25,000  volts  for  a  considerable  period  with 
great  success. 

While  other  modifications  of  the  Merz- Price  system  have  been 
developed  and  applied  to  commercial  practise,  there  is  always 
evident  a  desire  in  the  minds  of  all  engineers  interested  in  the 
subject  to  do  away  with  the  pilot  wires  and  accomplish  the  same 
results  in  other  ways. 

Messrs.  Faye-Hanscn  and  Harlow,  of  England,  have  brought 
out  a  system  of  balanced  protection,  in  which  the  balancing  of 
secondary  currents  from  scries  transformers  is  accomplished  by 
the  insertion  of  variable  artificial  resistances  in  the  secondary 
circuits,  in  a  manner  said  to  be  more  convenient  than  in  the  Merz- 
Price  method.  However,  as  the  system  is  based  on  the  principle  of 
balanced  protection  and  still  requiresjpilot  wires,  although  in 
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some  cases  less  in  number,  there  appears  to  be  no  decided  ad- 
vantage in  using  it  in  preference  to  the  earlier  method,  unless  it 
be  that  one  prefers  a  scheme  in  which  relays  may  be  omitted  and 
straight  attemating-current  trip  coils  employed  to  operate  the 
main  switches. 

A  method  of  protection  for  parallel  feeders  without  pilot  wires 
has  been  used  by  an  English  company,  which  consists  of  a  com- 
bination of  overload  balanced  relays  at  one  end  and  simple  trip 
coils  at  the  other  end  of  such  feeders. 


GENErUTINQ  STATION 


sub-station 
Fig.  14 — Sblbctivb  Relay  System  without  Pilot  Wires. 


Fig.  14  illustrates  the  method  of  applying  this  protection,  from 
which  it  will  be  noted  that  if  used  with  a  single  pair  of  feeders, 
both  will  be  cut  out  should  either  feeder  prove  defective. 

If,  however,  two  pairs  of  feeders  are  in  service  the  protection 
may  be  made  selective,  in  so  far  as  trouble  on  one  feeder  in  a  pair 
will  only  cause  that  pair  to  be  cut  out  of  service,  leaving  the 
station  running  from  the  remaining  feeders  without  interruption. 
While  this  method  has  been  used  to  some  extent  with  success,  it 
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is  ai)parent  that  in  principle  it  is  not  discriminative  except  under 
certain  conditions,  and,  therefore,  is  not  fully  adapted  to  all  con- 
ditions met  with  in  practise. 

There  will  be  undoubtedly  other  methods  of  protection  brought 
forward  in  the  future  to  improve  the  operation  and  reliability 
of  our  electrical  systems.  In  the  meantime  those  engineers  who 
have  difficult  problems  of  this  character  in  hand  may  with  profit 
investigate  the  improved  methods  employed  in  foreign  countries 
in  the  protection  of  electrical  equipment,  with  the  assurance 
that  a  solution  of  practically  all  problems  of  that  character  may 
be  found. 

In  closing  the  writer  wishes  to  acknowledge  the  assistance 
rendered  by  Mr.  Charles  H.  Merz  and  his  assistant  Mr.  P.  V. 
Hunter  in  furnishing  information  and  diagrams  concerning  the 
construction  and  operation  of  their  system. 

I  am  also  indebted  to  the  engineers  of  the  Commonwealth 
Edison  Company  for  the  information  regarding  their  experiments 
with  balance  protective  devices,  all  of  which  assistance  has  made 
possible  the  presentation  of  this  paper. 
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Discussion  on  "  Localizers,  Suppressors  and  Experiments" 
(Creighton  and  Whittlesey),  and  **  Relay  Protective 
Systems  "  (Elden),  Boston,  Mass.,  June  28,  1912. 

D.  W.  Roper:  Referring  to  Fig.  1  of  Mr.  Elden 's  paper,  where 
an  outline  of  the  Merz-Price  system  is  shown,  there  is  indicated 
a  time  limit  overload  relay  in  a  generating  station,  in  addition  to 
the  Merz-Pricc  balance  relay  at  both  ends  of  the  line.  I  do  not 
quite  imderstand  the  application  of  the  overload  relay  at  that 
place.  As  I  understand  the  Merz-Price  balance  protection 
scheme,  the  object  of  it  is  to  open  up  the  switches  on  the  two 
ends  of  a  faulty  section  of  cable  so  that  this  faulty  section  will  be 
disconnected  and  allow  the  remaining  sections  to  continue  in 
operation.  Later  in  the  paper,  it  apparently  indicates  that  the 
object  of  the  overload  relay  is  to  take  care  of  the  trouble  from  a 
switch  failure  or  short  circuit  on  the  station  busbars,  which  are, 
as  the  diagram  shows,  obviously  not  protected  by  the  Merz- 
Price  balance  protection  system.  If  I  am  correct  in  my  interpre- 
tation of  these  relay  diagrams,  I  would  like  to  learn  how  to  set  an 
overload  relay  so  that  it  will  not  open  in  case  of  a  cable  breaking 
down,  and  have  it  open  when  the  short-circuit  occiu's  on  the  station 
busbars.  If  that  scheme  of  discrimination" can  be  carried  out  it 
certainly  is  very  effective.  The  paper  states  that  the  operation 
of  the  Merz-Price  system  is  a  protection  against  faults  in  any  part 
of  a  system,  thereby  permitting  the  operation  of  momentary  and 
continuous  overloads  at  the  discretion  of  the  operator.  Appar- 
ently that  wording,  if  I  understand  it  correctly,  refers  to  a  system 
in  which  there  is  no  synchronous  apparatus,  because  synchronous 
apparatus  would  be  thrown  out  of  service  by  the  heavy  short 
circuits  which  that  is  apparently  intended  to  cover.  If  that  is 
the  case  I  think  it  should  be  made  more  apparent,  because  it  is  a 
very  essential  item  in  designing  relay  protection  systems. 

Harold  Osbom:  This  system  has  so  much  to  recommend 
it  theoretically,  in  that  it  suggests  just  the  current  which  it  is 
wished  to  have  operate  the  relays  and  is  independent  of  the  low 
currents,  that  I  judge  its  adoption  in  any  given  case  is  merely  a 
matter  or  should  be  merely  a  matter  of  proper  commercial  value, 
the  cost  of  the  protection  of  the  present  systems,  and  the  value  of 
their  protection.  I  suppose  one  of  the  principal  objections  to 
applying  it  to  existing  installations  would  be  the  necessity  of 
changing  current  transformers,  and  the  present  practise,  which  I 
believe  is  general,  of  having  single  current  transformers  supply 
both  protective  relays  and  measuring  instruments.  I  want  to 
ask  if  it  would  not  be  perfectly  practicable  to  use  the  present 
American  transformers  with  this  system  and  use  those  trans- 
formers still  to  supply  the  measuring  instruments,  provided 
the  voltages  put  in  opposition  were  not  the  total  voltage  of  the 
transformers  but  the  voltage  across  certain  impedances  ? 
Could  not  the  balance  system  be  applied  to  those  impedances 
without  changing  the  transformers  ?    I  have  not  read  the  paper 
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carefully  enough  to  notice  whether  this  system  has  been  applied 
to  busbars,  but  it  would  seem  to  be  particularly  applicable  to 
them. 

L.  C.  Nicholson:  In  connection  with  Mr.  Elden's  paper  it 
might  be  well  to  review  the  situation  with  reference  to  transmis- 
sion lines.  Whether  or  not  a  system  of  reverse  current  and  over- 
load relays  operates  successfully  to  isolate  and  cut  off  defective 
circuits  does  not  appear  to  be  the  determining  feature  as  affect- 
ing the  continuous  operation  of  synchronous  receiving  machin- 
ery. The  limiting  factor  appears  to  be  the  speed  of  the  oil 
switch  opening  the  short  circuit.  The  inherent  electrical  and 
mechanical  lag  of  the  best  oil  switches  amounts  to  something 
more  than  one-half  second.  Consequently  this  is  the  least  time 
in  which  a  short  circuit  can  be  switched  off,  and  unfortimately  is 
too  long  a  time  for  synchronous  receiving  machinery  to  operate 
successfully  under  the  low- voltage  conditions  usually  accompany- 
ing a  short  circuit.  For  this  reason  we  do  not  believe  that  a 
system  of  relays,  no  .matter  how  perfect,  can  secure  continuous 
delivery  of  power  to  synchronous  machinery  fed  from  transmis- 
sion circuits  connected  in  multiple. 

Professor  Creighton*s  paper  is  very  interesting.  There  is  one 
point  which  I  think  should.be  made  a  little  more  clear.  As  I 
understand  it,  when  applied  to  cable  systems  the  action  of  the 
arc  suppressor  is  to  suppress  the  arc  and  keep  it  suppressed.  In 
other  words,  it  does  not  make  a  metallic  groimd  and  then  remove  . 
it,  but  keeps  the  cable  grounded  until  cut  out  of  circuit.  Other- 
wise I  cannot  see  how  the  insulation  which  has  once  failed  would 
again  hold  voltage. 

E.  E.  F.  Creighton:  There  is  one  question  which  Mr.  Nichol- 
son brought  up.  The  arcing  ground  suppressor  as  described  last 
year  had  an  attachment  for  immediately  opening  the  circuit. 
The  switch  short-circuits  the  arc  to  ground,  and  then  opens. 
That  device  is  applicable  only  to  insulator  trouble.  When  the 
arcing  ground  suppressor  is  applied  to  the  cable  system  the 
grounding  switch  remains  closed  until  the  cable  is  disconnected, 
just  as  Mr.  Nicholson  suggested. 

L.  L.  Elden:  Referring  to  Mr.  Roper's  question,  the  reason 
for  the  use  of  the  time  limit  relay  on  a  system  in  which  the  Merz- 
Price  control  is  used,  is  to  enable  the  instantaneous  disconnection 
of  lines  upon  which  faults  may  occur  between  conductors,  or 
short  circuits  which  may  occur  between  station  busbars,  in  order 
to  prevent  interrupting  the  service  of  the  rest  of  the  system.  By 
viewing  the  diagram ,  Fig.  1,  it  will  be  apparent  that  a  short  circuit 
on  either  of  the  substation  buses  will  result  in  cutting  out  the 
station,  without  interfering  with  the  rest  of  the  system.  The 
time  limit  relays  on  such  lines  are  usually  set  at  relatively  long 
intervals,  averaging  15  to  20  seconds,  and  at  relatively  high  cur- 
rents. Overloads  on  transmission  lines  within  reasonable  limits 
need  not  be  feared  with  this  system  of  protection,  because  when 
the  load  on  a  line  has  reached  an  amount  which  is  dangerous,  the 
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relay  will  operate  to  cut  the  line  out  of  service,  purely  for  reasons 
of  overload.  The  same  condition  applies  to  ^time-limit  relays 
between  different  ring  systems,  as  in  such  cases  the  setting  is  in- 
stantaneous, thus  permitting  an  immediate  disconnection  of 
two  ring  mains  in  case  of  a  fault  occurring  on  either,  which  action 
does  not  mean  an  interruption  of  service,  but  merely  an  inter- 
ruption in  a  cross-connection.  The  one  point  frequently  lost 
sight  of  in  considering  this  system  of  protection  is  that  it  operates 
only  on  fault  currents. 

In  reply  to  Mr.  Osbom,  I  would  say  that,  in  general,  American 
series  transformers  are  not  suitable  for  use  with  the  balanced 
potential  method  of  protection,  although  under  certain  conditions 
they  may  be  used  with  the  current  balance  method  by  substi- 
tuting suitable  relays  for  those  now  in  use. 

The  use  of  this  system  in  connection  with  high-tension  aerial 
transmission  lines,  as  referred  to  by  Mr.  Nicholson,  appears  to 
require  a  wide  separation  between  the  transmission  line  wires 
and  the  wires  of  the  control  system  if  open  wiring  is  used,  in  order 
to  prevent  induced  currents  operating  the  relays  when  there  is  no 
occasion  for  their  being  so  operated.  The  better  plan  appears 
to  be  to  employ  a  three-conductor  lead-covered  cable,  suspended 
in  a  proper  manner  on  the  structure,  which  construction  appears 
to  be  most  satisfactory  in  operation. 

It  is  a  matter  of  record  in  one  severe  storm  experienced,  that 
•as  many  as  one  hundred  short  circuits  occurred  on  the  overhead 
transmission  lines  of  a  large  system  without,  however,  discon- 
necting or  interrupting  the  service  from  any  single  station.  This 
simply  means  that  the  switches  were  restored  immediately  after 
opening,  and  were  able  to  be  maintained  in  operating  position 
because  the  trouble  was  only  momentary. 

L.  N.  Crichton:  (communicated  after  adjoiunment) :  The  au- 
thors of  this  paper  call  attention,  in  Figs.ll,«13  and  19,  to  the  surges 
of  current  through  the  aluminum  cells  which  are  in  circuit  between 
the  generator  neutral  and  groimd.  The  inference  is  that  the 
surges  are  caused  by  an  excessive  potential  at  the  neutral  of  the 
generator,  but  it  is  more  probable  that  they  are  due  to  the  char- 
acteristic of  the  aluminum  cell  and  that  there  is  little,  if  any,  rise 
in  potential.  Fig.  19  is  almost  identical  with  a  number  of  oscil- 
lograms which  show  the  rush  of  cturent  when  a  bank  of  10,000- 
volt  arresters  is  given  its  daily  charge.  The  curve  is  not  always 
so  tmiform.  For  example,  the  accompanying  oscillogram.  No. 
296,  shows  the  charging  of  an  arrester  19  hours  after  the  preced- 
ing charge.  It  is  characteristic  of  these  records  that  the  current 
does  not  decrease  as  rapidly  on  one  side  of  the  zero  line  as  on  the 
other,  probably  because  of  the  difference  in  the  exposed  area  of 
the  upper  and  lower  surfaces  of  the  aluminum  cones.  In  oscillo- 
gram No.  299  is  shown  the  charging  of  an  arrester  13  minutes 
after  a  previous  charge  and  it  will  be  observed  that  even  in  such 
a  short  interval  the  hydroxide  film  on  the  cones  has  appreciably 
deteriorated.      In  the  second  case  there  is  no  spark  gap  in  series 


•       • 


•   '  » 


•    e        • 


«    • 


m       KM* 
•         • 


'/>■ 


1912]  DISCUSSION  AT  BOSTON  1935 

with  the  arrester,  so  that  some  current  is  flowing,  which  finally 
becomes  a  leading  current,  but  which  contains  a  pronoimced  peak 
in  phase  with  the  peak  of  the  voltage  wave  when  the  charge  is 
started  and  before  the  film  on  the  aluminum  plates  has  had  time 
to  build  up  perfectly. 

These  tests  were  made  by  connecting  the  terminals  of  one  ar- 
rester tank  between  the  groimd  and  one  terminal  of  an  11, 000- volt 
3600-k\^'.  alternator  which  was  carrying  a  load  at  the  time. 
The  current  in  the  generator  ground  wire  differs  from  the  current 
in  the  arresters  by  the  addition  of  a  third  harmonic  charging 
current,  of  the  system.  The  voltage  wave  across  the  arrester 
is  shown  and  proves  that  there  is  no  rise  in  potential  on  that 
phase  at  least.  It  is  to  be  expected  that  a  current  wave  having 
such  a  steej)  wave  front  would  cause  considerable  rise  in  voltage 
across  any  inductance  which  might  be  in  the  circuit,  and  experi- 
ence indicates  that  such  is  the  case.  To  give  two  instances:  a 
couple  of  banks  of  current  transformers  which  are  connected  to 
a  45,000-volt  circuit,  spark  across  their  high-tension  terminals 
whenever  the  arresters  arc  charged,  either  in  their  station  or  in 
a  station  three  miles  away.  In  the  latter  case,  each  transformer 
carried  less  than  half  the  current  which  flows  into  the  arresters. 
The  potential  necessary  to  cause  this  s[)arking  is  probably  over 
7000  volts,  but  no  harm  has  ever  been  caused  by  it.  In  the 
other  instance,  a  magnetic  vane  type  of  ammeter  which  was  used 
to  measure  directly  the  current  passing  through  the  arrester  was 
damaged  by  puncturing  between  turns.  It  hardly  seems  pos- 
sible that  the  current  wave  was  sharp  enough  to  induce  such  a 
voltage  in  a  single  turn  of  such  a  small  coil,  but  no  other  expla- 
nation has  been  offered. 


A  paper  presenttd  at  the  29lh  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,  Mass.,  June  28.   1012. 

Copyright.  1912.    By  A.I.E.E. 


THE    RUNAWAY    SPEED  OF   WATERWHEELS   AND 

ITS  EFFECT  ON  CONNECTED 
ROTARY   MACHINERY 


BY   DANIEL  W.   MEAD 


In  the  selection  of  hydroelectric  units,  the  operating  speed 
of  the  turbines  should  be  so  chosen  as  to  give  the  most  efficient 
results  under  the  varying  conditions  of  operation.  When  the 
head  of  water  is  constant,  the  choice,  unless  modified  somewhat 
by  the  necessary  synchronous  speed  of  the  generator,  should 
ordinarily  be  the  speed  at  which  the  turbine  will  operate  with 
the  highest  efficiency  with  the  normal  condition  of  load. 

Under  operating  conditions  the  normal  speed  of  the  turbine 
is  usually  maintained,  as  the  load  varies,  by  the  action  of  the 
turbine  governor  which  opens  or  closes  the  gate  or  gates  by 
which  the  water  is  supplied  to  the  turbines,  as  the  load  on  the 
connected  generator,  and  consequently,  on  the  waterwheel, 
increases  or  decreases.  If  the  changes  in  load  take  place  without 
a  corresponding  change  in  the  quantity  of  water  admitted  to  the 
wheels,  the  speed  will  necessarily  vary,  increasing  as  the  load 
decreases,  and  decreasing  with  an  increase  in  load.  Under  the 
condition  of  maximum  load,  with  the  turbine  gate  at  or  near 
maximum  opening,  a  sudden  dropping  off  of  the  load  without  a 
corresponding  change  in  gate  opening  will  give  rise  to  a  consider- 
able increase  in  speed,  which  has  in  some  cases  resulted  in 
disaster  to  the  connected  generators,  when  such  generators  had 
not  been  designed  for  the  overspeed  to  which  they  were  subjected. 
Such  accidents  have  usually  been  due  to  the  breaking  or  sticking 
of  the  governor  or  its  connections,  whereby  the  control  normally 
exerted  by  the  governor  on  the  gate  opening  has  been  accident- 
ally discontinued,  allowing  the  turbine,  as  the  load  dropped,  to 
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speed  up  and  run  away.  Such  conditions,  while  not  common,  may 
happen  in  any  hydraulic  turbine  installation,  and  to  assure 
safety  under  such  runaway  conditions  the  generator  or  other 
rotary  machinery  connected  with  the  turbine  must  be  so  designed 
that  it  will  operate  with  safety  at  such  runaway  speed  as  is 
likely  to  occur. 

At  present  it  is  current  practise  to  design  the  generators  for 
a  possible  100  per  cent  overspeed  in  order  to  assure  safety  under 
such  conditions.  Such  a  basis  for  design  often  involves  a  large 
extra  expense  in  generator  construction,  on  account  of  the  neces- 
sary extra  strength  of  the  rotor,  and  an  inquiry  as  to  the  safe 
allowance  for  overspeed  which  should  be  made  under  varying 
conditions  of  operation  and  installation  should,  therefore,  be  of 
interest  and  importance  in  securing  the  necessary  safety  of  the 
installation,  combined  with  maximum  economy  in  construction 
consistent  with  such  safety. 

Nomenclature 

The  following  symbols  will  be  used  in  the  discussion  that 
follows 
D  Da    «=  diameter  of  homologous  wheels  or  wheels  of  same 

type. 
E  =»  energy. 

e  «  subscript  e  attached  to  any  coefficient  shows  that 

the  value  of  the  coefficient  as  expressed  is  for  the 

conditions  of  maximum  efficiency  of  the  wheel. 
F  «  force. 

g  s*  acceleration  of  gravity  32.16. 

h  ha       =  head  under  which  wheels  are  to  operate. 
h\  =  head  of  one  foot. 

/  =  length  of  brake  arm  or  leverage  of  resistance. 

n  Ha       =  rev.  per  min.  of  wheels  of  diameter  D  and  Da  under 

same  head;    also  rev.  per  min.  of  wheel  of  same 

diameter  under  heads  of  h  and  ha. 
Ill  =  rev.  per  min.  under  one-foot  head. 

P  Pa     =  power  of  wheels  of  diameter  D  and  Da  under  same 

head ;  also  the  power  of  the  wheel  of  same  diameter 

under  head  A  and  ha. 
P\         =  power  of  wheel  under  one-foot  head. 
5  =  space  passed  through. 

V  «  velocity  of  water  due  to  head. 

Va  =  average  velocity. 
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v'  =  velocity  of  circumference  or  periphery  of  impeller 

which  may  be  measured  on  any  fixed  diameter. 
Vr  =  resultant  velocity. 

W         —  weight  or  resistance  applied. 
w  =  unit  weight  of  water  (per  cubic  foot). 

TP  =  3 .  14159  =  ratio  of  circumference  to  diameter  of  the 

circle. 
4>  =  v'/t;  =  ratio   of   periphery   velocity   of   turbine   to 

spouting  velocity  of  water. 
<^,         =  ratio  of  wheel  velocity  under  conditions  bf  maximum 

efficiency. 
<t>max      =  ratio  of  wheel  velocity  at  runaway  speed. 
A  =  coefficient  of  speed  =  speed  of  one-inch  wheel  under 

one-foot  head. 
(P  =  coefficient  of  power  =  power  of  one-inch  wheel  under 

one-foot  head. 
Nu        =  the  speed  of  a  wheel  at  one-foot  head  of  size  sufficient 

to  develop  one  horse  power. 
(Pi  =  power-speed  coefficient  =  the  square  of  the   unity 

speed. 

Some  Elementary  Principles  of  Turbine  Governing 

The  writer  has  already  pointed  out  in  another  place*  that  the 
power  delivered  by  any  waterwheel  may  be  expressed  in  terms 
of  resistance  overcome  by  the  wheel  in  a  known  distance  and  in 
a  known  time  by  the  formula 

2irlW 

p  —    _        _  _  __  _  —  "V  n 

33000 

In  this  formula,  P  =  power, 

27r  IW  . 

oori(\r\     ^  resistance  overcome  per  revolution,  and 

n  =  the  number  of  revolutions  per  minute. 

The  actual  variations  of  resistance  and  speed  under  certain 
conditions  are  shown  in  the  upper  curve  of  Fig.  1,  and  the  result- 
ing variations  in  power  under  various  speeds  are  shown  by  the 
lower  curve  of  the  same  figure.  The  conditions  illustrated  in 
Fig.  1  are  not  applicable  to  normal  operating  conditions  of  a 

*See  **  Water  Power  Engineering,"  p.  440. 
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hydroelectric  installation,  which  require  constant  speed,  but  the 
conditions  illustrated  do  apply  to  the  accidental  conditions 
above  outlined  and  to  the  actual  working  conditions  of  a  pump 
driven  by  an  hydraulic  turbine,  where  the  pressure  in  the 
delivery  pipes  from  the  pump  is  allowed  to  vary  somewhat. 
The  ui)per  curve  line  A  X  B  illustrates  the  actual  and  varying 
relations  of  resistance  to  speed  in  a  turbine  operating  at  a  fixed 
gate  opening.  The  point  A  shows  the  condition  imder  which  the 
resistance  is  so  great  that  the  turbine  is  held  stationary  with  the 


ratio  of  peripheral  velocity  tov^tih^^ 
Fig.  1 


result  of  no  power  output  (see  lower  curve).  The  point  X  shows 
the  condition  where  the  relation  of  resistance  to  speed  is  such  as 
to  result  in  a  maximum  power  output  of  the  turbine  under  the 
gate  conditions  considered.  The  point  B  shows  the  conditions 
under  which  the  exterior  resistance  is  completely  removed  and 
the  entire  energy  of  the  water,  as  far  as  utilized  at  all,  is  expended 
in  overcoming  the  wheel  friction,  resulting  in  maximum  speed 
and  zero  power  output. 

A    turbine -driven   pumping  plant  with  variable  pressure  in 
the  discharge  pipe  system  will  give  self-regulation  as  indicated  in 
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Fig.  1.  In  such  case  the  point  A  represents  a  pressure  in  the 
system  so  great  as  to  result  in  the  stopping  of  the  pump,  and 
hence  no  speed  and  no  pump  discharges.  Point  X  represents 
moderate  pressure  and  normal  discharge  for  which  the  system 
is  designed,  while  point  B  represents  the  entire  removal  of  pres- 
sure and  the  pump  discharging  its  maximum  under  the  gate  con- 
dition. In  practise,  the  actual  variation  extends  to  a  limited 
extent, only,  on  each  side  of  point  X  and  a  radical  change  in  dis- 
charge of  pressure  under  satisfactory  working  ctmditions  must 
be  accompanied  by  a  change  in  the  gate  opening. 
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Fig,  2 ,  constructed  from  experimental  data*,  illustrates  the 
results  which  must  obtain  for  the  satisfactory  regulation  of  a 
const  ant -speed  hydraulic  unit,  and  consequently,  of  a  hydro- 
electric unit.  Here  again  the  upper  cur\'es  show  the  actual  rela- 
tions of  resistance  to  speed  at  various  gate  openings,  while  the 
lower  curves  show  the  relations  of  power  to  speed  at  the  same 

■  Sc-e  Figs.  1,'i  and  10,  Bulletin  337,  University  of  Wisconsin.  "The 
Relation  of  Expcrimenlal  Results  lu  the  Theory  of  the  Tangential 
Wheel." 
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gate  openings  shown  by  the  upper  oirves.  In  the  lower  curves  the 
speed  factor  is  expressed  as  a  ratio  4>  between  the  peripheral 
velocity  of  the  wheel  and  the  spouting  velocity  of  water.  Under 
such  conditions  satisfactory  operation  will  be  represented  by 
the  line  X  Xi  p  pi  (t>e.  The  point  X  and  the  corresponding 
point  p  (on  the  line  of  100  per  cent  nozzle  opening  of  both  upper 
and  lower  curves)  represent  the  conditions  of  maximum  gate 
opening,  and  consequently  of  maximum  power.  If  the  wheel  is 
improperly  selected  for  the  load  to  be  carried,  and  the  power 
demands  exceed  this  limit,  a  slowing  down  in  speed  will  result 
as  illustrated  in  the  discussion  of  Fig.  1,  and  under  such  condi- 
tions the  service  will  be  satisfactory.  If,  however,  the  power 
varies  only  between  the  maximum  and  zero,  satisfactory  regula- 
tion must  be  accomplished  by  a  proper  change  in  the  nozzle 
opening  as  the  load  varies,  the  point  of  operation  dropping  from 
position  p  to  pi,  p2,  pz,  etc.,  as  the  power  demands  decrease,  or 
rising  from  pi  to  the  higher  position  as  the  power  demands  in- 
crease. This  result  is  accomplished  in  practise  by  a  turbine 
governor,  the  details  of  the  operation  of  which  are  immaterial 
for  this  discussion.  Now,  if  at  any  point  of  the  load  the  gov- 
ernor becomes  disconnected  and  the  load  suddenly  varies,  the  gates 
may  either  remain  fixed  or  swing  to  a  fixed  position,  and  a  varia- 
tion in  speed  will  result  similar  to  that  illustrated  in  Fig.  1,  or 
by  any  one  of  the  upper  curves  of  Fig.  2  which  corresponds  to  the 
fixed  gate  opening.  If  the  load  is  entirely  removed  a  runaway 
speed  will  result,  which  may  vary  according  to  the  fixed  gate 
condition  under  which  this  accident  occurs. 

Fig.  2  illustrates  the  experimental  results  from  a  12-in.  tan- 
gential wheel  under  a  95-foot  head,  operating  under  a  load  applied 
by  a  prony  brake.  It  will  be  noted  that  the  operating  condition 
is  taken  at  675  revolutions  per  minute,  or  with  <^,  =  45  (that 
is,  with  the  periphery  of  the  wheel  moving  with  a  velocity  45 
per  cent  of  the  spouting  velocity  of  the  water  under  a  95-foot 
head). 

In  this  case,  at  the  maximum  or  runaway  speed  (f>  did  not 
exceed  (f>max.  =  80  for  36  per  cent  gate  opening,  or  <>„^x.  =  84 
for  100  per  cent  gate  opening,  and  if  a  generator  had  been  con- 
nected to  this  wheel  these  speeds  would  have  been  slightly 
reduced  by  the  amount  of  power  necessary  to  operate  the  un- 
loaded generator.  In  this  case  it  is  evident  that  the  runaway 
speed  of  the  wheel  would  be  186 . 5  per  cent  of  the  normal  speed 
at  full  gate  and  177.5  per  cent  of  the  normal  speed  at  36  per 
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cent  gate,  without  considering  other  than  the  actual  wheel  fric- 
tion. 

The  Hydraulics  of  Runaway  Speed 

In  order  to  present  this  subject  clearly,  it  is  necessary  to 
consider,  briefly  at  least,  the  hydraulics  of  the  turbine  as  it 
affects  this  problem.  A  jet  of  water  spouting  from  the  nozzle 
of  a  wheel  will  acquire  a  velocity  v  due  to  the  head  h  represented 
in  the  formula 

V  =  y/2gh  (1) 

and  will  possess  energy  in  foot-pounds  per  second  E  due  to  veloc- 
ity V  and  weight  of  water  discharged  per  second,  W  =  gw,  as 
follows 

^    W  ifl   _   q  w  v^ 

The  energy  of  the  jet  leaving  the  orifice  is  the  product  of  a  force 
F,  which,  acting  on  the  weight  of  water  g  w  for  one  second,  gives 
it  the  velocity  i). 

The  space  passed  through  by  the  force  in  one  second  in  raising 
the  velocity  from  0  to  v  is 

S^vat^-^  (3) 

and  therefore  the  work  is 

^^-      2'  (*) 

which  is  also  an  expression  for  the  energy  of  the  jet.  Therefore, 
we  may  write 


and  therefore 


F V    __   qwv^ 

~2~  ~      27 ~  (*) 


P  -      ,  (6) 


The  force  F  will  be  exerted  against  any  obstruction  in  its  path 
and  its  magnitude  will  depend  on  the  momentum  of  the  moving 
stream  of  water  and  is  directly  proportional  to  its  velocity.  It 
is  also  a  function  of  the  angle  through  which  the  jet  is  deflected. 
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If  friction  be  ignored,  the  stream  will  be  diverted  without  change 
in  velocity  and  the  force  exerted  in  the  original  direction  of  the 
jet  will  be  equal  to  the  momenttun  of  the  original  stream  less  the 
component,  in  the  original  direction,  of  the  momentum  of  the 
diverted  jet.    (See  Fig.  3.) 


p  ^  £^? qjvv 

"      g  g 


qwv  ,,  . 

cos  a  =  ^ (1  —  cos  a) 

g 


(7) 


If  the  jet  is  deflected  180  deg.  by  means  of  a  semi-cylindrical 
bucket,  cos  180  deg.  =  —  1,  and  therefore  (see  Fig.  4) 


g 


Tangential  wheels  utilize  the 
impulsive  force  of  a  jet  impin- 
ging against  buckets  attached 
to  their  circumference  and 
practically  semicircular 
section. 

The  bucket  must  move 
under  the  impulse  in  order  to 
transform  the  energy  of  the 
impact,  and  the  ratio  of  v', 
the  velocity  of  the  center  of 
the  buckets,  to  the  velocity,  v, 
of  the  jet,  is  indicated  by  0. 


(8) 


Fig.  3 — Force  of  Diverging  Jet. 


V 


(9) 


The  force  F  exerted  on  the  moving  bucket  is  dependent  on 
the  relative  velocity,  Vr,  of  the  bucket  and  jet. 


Vr  =  V  —  (t>  V  =  (I  —  (f>)  V 


(10) 


The  relative  weight  of  water  that  strikes  a  single  bucket 
per  second  will  also  be  less  on  account  of  the  movement  of  the 
buckets.  But  as  new  buckets  constantly  intercept  the  path  of 
the  jet,  the  total  amount  of  water  effective  is  equal  to  the  total 
discharge  of  the  jet,  hence,  from  equation  (7), 


f  =  (1  -  cos  a)  -^^   (1  -  (f>) 


(11) 
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The  energy  E  expended  on  the  buckets  per  second  is  equal  to 
the  force,  F,  times  the  distance,  0r,  through  which  it  acts,  i.e., 


E  =  F<t>v={l—  cos  a)  (1  —  0) 


qwv 
g 


4>  V 


(12) 


This  is  a  maximum  when  (1  —  0)  0  is  a  maximum  or  when 
0  =  0.5.  Substituting  0  =  0 .5  and  cos  a  =  180  deg.  above,  we 
then  obtain 


qwv^ 


(13) 


In  an  impulse  wheel,  it  is  not  practicable  to  change  the  direc- 
tion of  the  water  through  180  deg.,  as  it  would  then  interfere 


N 


-^ggf^T^ 


[ir^jr--.^Mr-J^^ 


Fig.  4 — Jet  Diverging  180  Degrees. 


with  the  succeeding  bucket.  The  angle  cos  a  must  therefore  be 
less  than  180  deg.,  but  the  loss  from  this  source  is  small,  probably 
not  more  than  0.5  per  cent. 

Fig.  5  illustrates  graphically  the  flow  of  water  into  and  through 
the  bucket  of  a  tangential  wheel  at  the  most  economical  relative 
velocity.  The  bucket  is  double,  each  half  being  essentially  semi- 
circular in  section,  v  is  the  absolute  velocity  of  the  jet;  v'  is 
the  absolute  velocity  of  the  bucket;  Vr  is  the  relative  vehxrfty 
of  the  jet  in  relation  to  the  bucket;  or,  Vr  =  (1  —  0)  v.  The 
bucket  is  moving  in  the  direction  B  B'  and  occupies  successively 
the  positions  indicated  by  the  vertical  lines  a,  ai,  02,  etc., in  equal 
intervals  of  time.  The  water  moves  along  the  surface  of  the 
bucket  with  a  uniform  velocity,  I'r,  passing  successively  throu.^ 
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equal  distances,  indicated  on  the  surface  of  the  bucket  by  the 
lines  b,  bi,  bt,  etc.,  in  equal  intervals  of  time. 

At  each  of  these  successive  points  the  jet  has  changed  its 
direction  and  its  absolute  velocity.  Its  path  through  space  is 
represented  by  the  line  BCD.  The  change  in  velocity  is  repre- 
sented by  the  absolute  velocity  curve,  E  F,  in  which  ordinates  are 
the  resultants  obtained  by  applying  the  principle  of -triangle 


Fig.  6 — Graphical  I: 


Flow  in  Tangential  Buckets. 


of  velocities  to  corresponding  velocities  of  the  bucket  and  of  the 
water  relative  to  the  bucket. 

At  the  time  of  entering  the  bucket  the  stream  has  the  abso- 
lute velocity,  v,  represented  by  the  length  of  the  line  GE  and 
GE',  in  the  lower  diagram,  while  its  velocity  relative  to  the 
bucket  is  constant  and  equal  to  Vt,  equal  to  the  length  of  lines 
Gil  andGH'.   For  the  most  effective  speed,  Vr  =  v/2. 
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At  the  end  of  the  first  interval  of  time,  the  jet  has  moved  from 
the  original  point  of  contact  with  the  bucket,  ft,  to  the  position 
bi.  Its  direction  and  velocity  in  the  upper  half  of  the  bucket  are 
represented  by  the  radius  G  /  in  the  lower  velocity  diagram,  v'  = 
(f>  r,  is  constant  both  in  magnitude  and  direction,  and  this  is 
laid  off  in  the  lower  diagram  on  the  line  /  7.  The  resultant  of 
these  two  velocities  is  represented  by  the  line  G  7,  which  is  the 
absolute  velocity  of  the  water  in  space,  and  to  indicate  the  ve- 
locity of  the  water  at  this  instant  is  laid  off  for  the  purpose  of  the 
velocity  diagram  on  the  ordinate  a\  from  the  axis  G  Fm  the  lower 
diagram.  In  the  same  manner  each  of  the  remaining  points  on 
the  velocity  curve  E  Fis  constructed.  The  jet  leaves  the  bucket, 
as  shown,  with  a  velocity,  relative  to  the  bucket,  of  (1  —  <t>)  v. 
If  this  velocity  is  combined  graphically  with  the  velocity  of  the 
bucket  </)  V,  the  true  absolute  residual  velocity  Vr  of  the  water  will 
be  obtained.  The  efficiency  is  evidently  maximum  when  <t> 
has  a  value  with  Vr  sl  minimum.  This  condition  can  be  shown  to 
obtain  when  the  triangle  is  isosceles  or  when  </>,  =  (1  —  0)  v 
which  gives  </>  =  0.5. 

The  -hydraulics  of  the  tangential  wheel  has  been  discussed 
somewhat  at  length  on  account  of  its  simplicity.  If  the  friction 
of  water  and  air  on  the  bucket  could  be  obviated,  and  if  the 
friction  of  moving  power  could  be  eliminated,  the  runaway  speed 
of  the  wheel  would  be  equal  to  the  spouting  velocity  of  water, 
which  in  turn  is  slightly  less  than  V2  g  h  on  account  of  nozzle 
and  atmospheric  friction.  In  practise,  therefore,  the  runaway 
speed  of  the  tangential  wheel  is  less  than  V2gA,  i.e.,  (t}max. 
<1.00.  In  consequence  of  these  friction  losses,  it  was  also 
found  in  the  case  of  the  small  experimental  tangential  wheel  that 
the  values  of  </)  max.  vary  considerably  with  different  heads  under 
which  the  experiment  was  conducted.    (See  Table  I.) 

The  value  of  (l>max.  apparently  increases  with  the  head  some- 
what to  about  73  feet,  on  account  of  the  relatively  large  friction 
loss  at  the  lower  heads,  and  then  decreases  somewhat  to  the 
maximum  head,  probably  on  account  of  the  less  efficient  action 
of  the  larger  quantities  of  water  discharged  from  the  jet 
onto  the  buckets  at  the  higher  head.  These  results  should 
probably  vary  with  the  quantity  of  water  for  which  the 
bucket  is  designed.  In  the  tangential  wheel  the  wheel  diameter 
should  be  measured  between  the  center  lines  of  the  bucket, 
on  which  lies  the  center  of  the  application  oi  the  resultant  of 
the  combined  stream  lines  of  the  jet.    Th^  peripheral  velocity 
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of  the  wheel  measured  on  this  Kne  of  application  can  never  be 
faster,  theoretically,  than  the  spouting  velocity  of  the  water,  and 
practically  is  reduced  by  friction  and  windage  from  10  to  20 
per  cent  or  more  below  this  velocity. 

Table  II  shows  the  results  of  various  tests  which  have  been 
made  on  tangential  wheels.  In  this  table  are  given  as  determined 
by  experiments,  the  runaway  speed  ratio,  <t>max*f  the  most  eflB- 
cient  ^)eed  ratio,  0„  and  the  values  of  0  both  higher  and  lower 
than  0,  at  which  the  efficiency  of  the  wheel  was  5  jjer  cent  below 
the  maximum  efficiency  of  the  speed  0,.  Below  each  value  of 
^  the  percentage  that  value  bears  to  (l>max.  is  given.  It  should 
be  noted  that  any  cause  that  reduces  efficiency  reduces  0m«x. 
as  for  example,  the  use  of  flat  buckets  in  experiment  No.  7. 


TABLE   I 

RUNAWAY  SPEED  OF   12-IN.   DOBLE  TANGENTIAL   WHEEL  AT  VARIOUS 

HEADS 


Head  (feet) 

Rev.   per  sec. 

V  =  ""^h 

r' 

'hnax' 

13.3 

7.4 

20.25 

23.28 

0J96 

25 

10.14 

40.1 

31.62 

0.79 

86.6 

12.63 

48.52 

30.8 

0.82 

.       40.4 

14.77 

66.37 

46.5 

0.825 

61 

16.45 

62.55 

51.7 

0.826 

72.6 

17.92 

67.25 

56.5 

0.842 

83.0 

10.45 

73.4 

61.4 

0.838 

05.3 

20.81 

78.3 

65.5 

0.837 

106.3 

22.05 

83.5 

60.4 

0.832 

118.7 

23.a') 

87.5 

72.5 

0.829 

130.1 

24 .  25 

91.5 

70. 4 

0.835 

141.9 

25.4 

95.5 

80 

0.8385 

153.5 

25.61 

99.5 

80.6 

0.811 

165.1 

26.59 

106 

83 . 5 

0.787 

It  is  evident  that  the  diameter  of  the  wheel  may  be  measured 
on  some  other  circumference  than  that  on  which  the  center  of 
the  jet  is  applied.  If,  for  example,  a  rim  or  extension  were  added 
to  the  wheel  beyond  the  bucket,  or  if  the  buckets  themselves 
extended  considerably  beyond  the  center  of  pressure,  and  if  the 
diameter  and  perifAeral  velocity  of  the  wheel  is  measured  at  any 
such  exterior  circumference  beyond  the  line  of  application  of  the 
jet,  the  peripheral  velocity  so  measured  will  be  found  to  be  mate- 
rially greater  than  if  measured  at  the  bucket  centers.  The  per- 
ipheral velocity  so  increased  may  be  so  great  that  the  resulting 
value  of  i^max'  will  equal  or  exceed  the  spouting  velocity  of 
water  or  1.     In  reaction  wheels  such  conditions  actually  obtain. 
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The  curves  of  the  reaction  bucket  are  so  complicated  that  the 
center  of  application  of  the  resultant  pressures  cannot  be  accur- 
ately determined.  The  diameters  of  reaction  wheels  are  there- 
fore measured  on  the  outer  diameter  of  the  buckets  and  conse- 
quently outside  of  the  center  of  application  of  forces,  as  above 
discussed.  The  result  is  that  the  value  of  4>max  in  the  reaction 
wheels  is  greater  than  unity. 

The  relative  values  of  4>max.  in  the  various  types  of  reaction 
wheels  are  further  complicated  by  the  fact  that  the  outer  diameter 
of  the  runner  may  vary  at  different  points,  and  that  even  when 
the  runners  of  various  makers  are  of  similar  design,  the  same  size 
of  wheel  may  be  measured  at  different  points,  and  consequently, 
be  listed  as  of  different  diameter.  In  general,  the  section  of 
reaction  of  wheel  may  be  represented  by 
the  two  outlines  in  Fig.  6,  and  in  prac- 
tise are  measured  on  the  various  lines 
marked  A  D\  D",  D'". 

American  practise,  in  the  measure- 
ment of  turbine  waterw^heel  diameters, 
as  far  as  I  have  been  able  to  determine, 
is  given  in  Table  III. 


Hydraulics  of  the  Reaction  Turbine 

The  hydraulics  of  the  reaction  wheel, 
on  account  of  a  more  complicated  cur- 
vature of  the  buckets,  is  apparently 
more  involved.  The  reaction  wheel  is, 
however,  subject  to  essentially  the  same 
principles,  although  their  application  is 
somewhat  more  obscure. 

The  velocity  of  the  water  through  the  buckets  of  the  reaction 
turbine  is  less  than  in  the  tangential  wheel,  and  the  energy  of  the 
water  is  delivered  through  pressure  instead  of  through  impact. 
The  energy  in  both  cases  is  delivered  through  the  reactive  pres- 
sure, due  to  a  change  in  the  direction  of  the  water  jet  through 
contact  with  the  surface  of  the  bucket  of  the  turbine,  and  in  the 
reaction  wheel  the  conditions  are  also  essentially  as  shown  in 

Fig.  5. 

If  the  reaction  wheel  could  be  measured  on  the  diameter  of 
the  circumference  at  which  the  resultant  of  the  active  jets  of 
water  is  applied,  the  resulting  velocities  would  closely  approxi- 
mate those  of  the  tangential  wheel. 
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On  account  of  the  diversity  in  practise  in  the  measurement  of 
the  diameters  of  reaction  turbines,  and  also  on  account  of  the 
diversity  of  this  design,  a  general  statement  of  the  value  of 
4>max  cannot  be  made,  for  this  value  varies  considerably  in  the 
different  makes  of  turbine  waterwheels.  Reaction  wheels  vary 
greatly  in  design  and  may  be  roughly  classified  as  low-speed, 


TABLE    III 

PRACTISE  OF  VARIOUS  AMERICAN  MANUFACTURERS  IN  MEASURING  AND 
CATALOGING   THE    DIAMETER    OF   TURBINE   WATER   WHEELS 


Manufacturer 

Type  of  runner 

Style 

Point  of  measurement 

A-C 

B 

D" 

D-G 

A 

A 

D 

N-A 

A 

D 

S-A 

B 

D" 

I-A 

B 

D' 

R-H 

Mc« 

B 

D 

H 

A 

D 

J-L 

S-L 

A 

D 

Sp-L 

A 

D 

S 

B 

D 

I-S 

B 

D 

J 

Mc 

B 

D" 

P-I 

Type  A 

B 

D' 

Types  B  and  C 

A 

D 

M-S 

Mc^ 

B 

D' 

S 

B 

D' 

T 

S-T* 

B 

D'  " 

H-T 

B» 

D 

W-S 

B 

D" 

1 .  Fillet  at  angle.     Diameter  measured  just  above. 

2.  Diameter  of  runners  as  measured  at  the  crown  which  projects  beyond  the  tips  of  the 
buckets  and  is  essentially  the  same  in  diameter  as  at  D'. 

3 .  Diameter  of  the  runners  as  measured  at  the  crown  which  projects  beyond  the  tips  of 
the  buckets  and  is  essentially  the  same  in  diameter  as  at  D'. 

4 .  Diameter  at  D  is  20  per  cent  greater  than  at  D'  ". 

5 .  Bucket  of  high-speed  runner  has  parallel  edges  but  is  cut  back  as  shown  in  B. 


moderate-speed,  and  high-speed  wheels.  In  the  low-speed  wheels, 
the  values  of  0^  which  will  result  in  the  greatest  efficiency  will 
vary  perhaps  from  0.60  to  0.70;  for  moderate-speed  from  0.70 
to  0.80,  and  for  high-speed,  from  0.80  to  0.90.  This,  however, 
is  a  general  statement  and  others  might  not  agree  to  the  exact 
limits  of  values  given.  In  each  case  the  actual  speed  of  the  wheel 
under  the  conditions  of  operation  should  be  determined  and  the 
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maximum  speed  which  may  possibly  obtain.  When  the  runaway 
speed  of  the  waterwheel  is  definitely  known  and  the  value  of  <^, 
at  which  the  waterwheel  will  operate  under  fixed  head  is  also 
established,  the  relation  of  the  operating  to  the  runaway  speed 
can  be  definitely  determined  and  the  deduction  drawn  as  to  the 
necessary  strength  of  the  rotary  machinery  to  be  operated  there- 
by. In  many  cases,  however,  the  head  under  which  the  turbine 
IS  to  operate  is  not  fixed,  but  varies  between  conditions  of  extreme 
high  water  and  conditions  of  extreme  low  water.  In  low-head 
plants  the  head  is  normally  much  greater  under  low  water  condi- 
tions and  much  less  during  flood  conditions.  This  variation  may 
in  some  cases  be  relatively  great.  In  ordinary  practise  it  is  not 
unusual  for  the  minimum  head  to  be  50  per  cent  of  the  maximum 
head.  In  such  cases,  the  relative  speed  of  the  wheel  will  vary  in  its 
relation  to  the  spouting  velocity  of  water  inversely  as  the  square 
of  the  head;  and  in  the  case  mentioned,  will  vary  essentially 
as  10  is  to  7 ;  that  is  to  say,  where  the  minimum  head  is  one-half 
of  the  maximum  and  the  wheel  is  operating  at  a  uniform  speed, 
the  value  of  4>  will  vary  under  different  conditions,  for  example, 
from  0.49  to  0.70,  0.56  to  0.80,  0.63  to  0.90,  or  0.70  to  1. 
In  many  modem  turbines,  such  ranges  of  relative  speed  are 
possible  with  fairly  good  resulting  efficiency.  In  such  cases,  the 
most  satisfactory  relative  speed  and  practically  the  highest 
efficiency  will  be  reached  at  a  point  intermediate  between  the 
extremes  given.  Under  such  conditions,  the  relative  operating 
speed  of  wheols  under  conditions  of  high  head  is  much  lower  than 
under  the  best  conditions,  and  under  low  head  is  much  higher 
than  for  the  best  conditions,  and  if  the  turbine  should  overspeed 
during  periods  of  high  heads,  the  relative  increase  in  speed  due  to 
the  runaway  condition  will  greatly  exceed  that  which  would 
obtain  under  normal  conditions  or  under  low  head  conditions. 
In  order  to  form  a  basis  for  an  intelligent  estimate  of  the  relation 
of  the  runaway  speed  of  wheels  to  the  operating  speed  under  the 
conditions  outlined,  I  have  prepared  Table  IV, showing  the  results 
under  test  of  various  types  of  reaction  waterwheels  on  which 
experiments  have  been  made.  In  this  table  is  given  the  value 
4>max  corresponding  to  the  runaway  speed  as  determined  by 
experiment,  also  the  value  <^e  at  which  the  maximum  efficiency 
was  secured.  There  is  also  given  the  variations  in  0  at  which 
the  wheels  operated  with  5  per  cent  less  efficiency  both  above 
and  below  the  most  economical  speed.  These  variations  in  0 
correspond  approximately  to  those  required  for  the  50  per  cent 


TABLE  IV. 

RELATION     OP     SPEEE 
RUNAWAY 

RATIOS   Under   opera tInc   and 

Conditions 

Rnetlmi  WliMli                                                                 | 

Miinu- 

tMtunM 

H 

mmi 
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range  in  heads  discussed  above.  In  each  case  the  percentage 
of  0,wi  to  the  operating  value  of  ^  is  given  just  below  the  value 
in  question.  This  percentage,  in  both  Tables  11  and  IV,  shows 
the  relative  speed  for  which  attached  machinery  must  be 
designed  to  meet  runaway  conditions  if  operated  at  <p,  or  under 
the  two  extremes  given. 


For  the  J-L  wheels  the  values  of  <i>  are  calculated  both  for 
the  table  diameter  and  also  for  the  actual  diameter  measured  at 
the  center  of  the  gates.  From  a  comparison  of  these  values  it 
will  be  noted  that  while  the  speed  of  these  wheels  seems  unduly 
high  when  based  on  the  maker's  measurements  they  actually 
correspond  closely  with  other  standard  wheels  when  based  on  the 
diameter  measured  at  the  gate  centers. 
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From  Tables  II  and  IV  some  general  conclusions  can  be  drawn, 
but  as  in  most  problems  of  this  class,  general  statements  are 
apt  to  be  misleading,  and  the  speed  problem  should  be  carefully 
analyzed  for  each  particular  case. 

As  a  brief  example  of  such  wheel  analysis,  the  writer  has  con- 
sidered a  single  type  of  wheel  under  various  conditions  of  use. 
Fig.  7  shows  a  complete  graphical  record  of  the  W-M  test  (No. 
1800)  of  a  31-in.  reaction  turbine,  so  analyzed  that  all  of  the 
fundamental  data  for  power,  speed  and  efficiency  are  given  for 
any  wheel  of  homologous  design,  or  identical  in  type,  regardless 
of  size,  as  well  as  for  the  particular  wheel  on  which  the  experi- 
ments were  made. 

In  this  diagram  are  given  the  values  of: 

The  efficiency  of  such  wheels  at  various  relative  speeds. 

0     =  the  ratio  of  peripheral  to  spouting  velocity. 

A  =  the  speed  at  one-foot  head  of  a  one-inch  wheel  of  homol- 
ogous design. 

(P  =  the  power  under  one-foot  head,  of  a  one-inch  wheel  of 
homologous  design. 

(P,   =  the  speed -power  coefficient. 

The  value  of  (P,  is  expressed  by  the  equation 

^'  =    "P7^  ,  (14) 

This  coefficient  is  the  square  of  the  coefficient  of  **  unity  speed** 
of  the  type  of  wheels  considered,  and  is  used  in  the  above  form 
to  facilitate  calculation  for  water  power  purposes. 

It  should  here  be  noted  that  in  general,  when  the  coefficients 
of  a  series  of  wheels  of  homologous  design  are  given,  they  are 
given  for  the  condition  of  maximum  efficiency,  and  maximum 
efficiency  can  only  be  obtained  by  operation  under  the  fixed 
value  of  0e  or  A«. 

Any  wheel,  however,  may  be  so  installed  or  operated  that  4> 
or  A  may  vary  from  0  to  maximums  which  are  approximately 

^max    =1.28 
A»urx  =  2400 

In  consequence  (P  will  vary  from  0  with  <^  =  0  to  an  approxi- 
mate maximum  with  <^,  and  then  to  0  again  with  4>  max. 
Efficiency  will  vary  in  essentially  the  same  manner. 


Id66  MR  AD:  SPEED  OF  WATERWHEELS  [June  28 

As  (P,  varies  with  the  square  of  the  speed  and  directly  with 
the  power  at  ftill  gate,  it  also  varies  from  0  with  <^  =  0  through 
a  maximum  to  a  value  of  0  at  4>max'  The  maximum  value 
of  (P,  does  not  occur  with  <^,,  as  will  be  noted  from  Fig.  7. 

In  many  series  of  wheels  of  homologous  design  the  following 
principles  hold  within  the  limits  of  error  due  to  imperfect  design, 
construction  and  installation. 

Where  4>  is  held  at  a  constant  value: 

Efficiency  will  remain  constant  for  any  given  gate  opening 

i.e.,  the  rev.  per  min.  vary  directly  with  y/h  and  inversely  ^^'ith 
the  diameter  of  the  wheel. 

p  p^ 

D«A3/2   =  DjJJ^  (16) 

i.e,,  the  power  of  wheels  varies  directly  with  Z>*  and  with  h^^^. 

With  wheels  of  the  same  diameter  and  with  <f>  held  at  a  con- 
stant value 

n  _  fig 

The  rev.  per  min.  of  a  wheel  vary  directly  with  Vh, 


A3/2        h^s/2  (18) 

The  power  of  a  wheel  varies  directly  with  h^^^ 
The  following  relations  also  obtain : 

V 


A                Dn 
1842          1842  Vh 

(19) 

p  =  (P  £)3/2 

(20) 

(21) 

Referring  to  Fig.  7,  it  is  evident  that  the  maximum  efficiency 
may  be  obtained  from  this  series  of  wheels  when  <^,  =  0.81  and 
(P.  =  3200. 
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If  we  desire  to  seoire  1000  h.p.  with  a  whe«l  of  tbis^  type  at 
25^£oot  head  and  100  rev.  per  ram. , 

til  =  speed  at  one-foot  head  =     -,—  ^  — 1=  =5=  20. 

Vh        V25 

P  1000 

Pi  =  power  at  one -foot  head  =    ^372"  =    ^<^-    =    8. 

(P.  =  «i^  Pi  =  3200. 

This  shows  that  a  wheel  of  this  series  will  pperate  under  these 
conditions  to  the  best  advantage. 

The  size  of  the  wheel  can  then  bs  determined  as  follows: 

D  =    —  =  74 . 5  inches  =  diameter  of  wheel. 

ni 

max-  __     •        =157  per  cent  =  relative  runaway  speed. 

(p  t  II. oi 

Runaway  speed  =  157  revolutions  per  minute. 

If  we  desire  to  operate  a  wheel  of  this  type  and  of  75-in. 
diameter  under  conditions  where  the  head  will  vary  from  16  to 
32  ft.  under  various  conditions  of  river  flow,  a  somewhat  different 
problem  must  be  considered.  With  0,  =  0.81  and  A  =  32,  a 
75-in.  wheel  would  run  at  113  rev.  per  min.  and  would  give  1470 
h.p.   at    full  gate. 

With  0  =  0.81  and  A  =  16,  a  75-in.  wheel  should  run  at  80 
rev.  per  min.  and  give  520  h.p.  In  order  to  run  at  both  heads 
with  reasonable  satisfaction  a  constant  and  intermediate  speed 
must  be  selected,  which  from  trial  appears  to  be  n  =  90. 

Under  this  condition 

7^  V  QO 

with  A  =  16,  0  =    1842  )r4    "  0-916;  (P.  =  4100;  P  =  520. 

with  A  =  32,  0  =    1842X5  6  ^  ^'^^'*  ^'  "^  ^®^'  ^  "  ^^^' 

Under  these  conditions  the  power  and  efficiency  is  consider- 
ably reduced  at  32-ft.  head,  which  may,  however,  be  warranted 
by  the  condition. 

Under  the  above  conditions  the  runaway  speed  at  the  32  ft.- 
head  will  be 

<Pmax.  1.275  ^-._  ^— _ 

— -r —  =    ^  -^.^-  =  197  per  cent  =  177  rev.  per  mm. 
<t>  0.647  ^ 
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In  this  manner  the  actual  runaway  speed  can  be  ascertained 
with  any  given  wheel  and  under  any  condition  of  head.  It  should 
be  noted,  however,  that  the  results  may  be  modified  somewhat 
by  various  physical  conditions. 

1.  The  value  of  4>max  under  high  heads  may  increase  somewhat 
over  that  determined  by  tests  given  above,  on  account  of  the 
fact  that  the  friction  does  not  increase  as  rapidly  as  the  power 
under  increased  heads. 

2.  The  value  of  <t>max  will  decrease  slightly  when  the  tur- 
bines are  directly  connected  to  generators  on  account  of  the 
power  necessary  to  move  the  same  when  running  light. 

The  writer  can  offer  no  data  on  which  to  estimate  these  changes 
in  0ma*M  but  such  changes  are  not  large. 

CONCLUSiONS 

From  an  inspection  of  Table  II  it  will  be  seen  that  in  the  case 
of  impulse  or  tangential  wheels  which  are  used  under  high  heads, 
which  heads  are  generally  relatively  constant,  the  over-speed 
to  be  cared  for  should  be  estimated  at  100  per  cent  of  the  nor- 
mal speed. 

In  general,  from  an  inspection  of  Table  IV,  it  may  be  stated  that 
when  a  reaction  turbine  is  working  at  the  most  efficient  speed 
ratio  (0,)  and  the  head  is  constant,  the  runaway  speed  {4>  max) 
may  be  as  low  as  150  per  cent  or  as  high  as  180  per  cent  of  such 
speed,  according  to  the  type  of  wheel  used,  or,  otherwise,  that 
the  over-speed  may  be  from  50  to  80  per  cent  above  the  normal 
speed  of  a  reaction  wheel.  If,  however,  under  the  low  head  con- 
dition there  is  wide  variation  in  the  head  available  under  different 
conditions  of  stream  flow,  and  if  the  wheel  is  designed  to  work 
under  these  various  conditions,  and  the  speed  chosen  is  inter- 
mediate to  that  which  would  be  chosen  tmder  either  extreme, 
then,  under  the  maximum  head  a  runaway  speed  of  200  per  cent 
or  more  of  the  normal  speed  may  be  realized. 

These  conclusions  are  only  general,  and  in  all  cases  a  detailed 
analysis  should  be  made,  based  on  test  data  for  the  particular 
type  of  wheel  which  is  to  be  used,  and  considered  for  the  extreme 
range  of  heads  and  the  exact  conditions  which  must  be  antici- 
pated. 


A  paper  presented  at  the  2Qth  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,   Mass.,  June  28,   1912. 

Copyright,  1912.    By  A.I.E.E. 


APPLICATION     OF     ELECTRIC     DRIVE     TO    PAPER 

CALENDERS 


BY   E.   C.   MORSE 


Motors  have  been  used  in  paper  mills  for  the  last  twenty  years 
and  have  been  applied  with  success  to  every  machine  used  in 
the  process  of  making  paper. 

By  means  of  motors  it  has  been  possible  to  study  the  power 
requirements  of  various  machines  and  much  useful  information 
has  been  obtained  for  the  manufacturer  of  the  paper,  of  the 
machine,  and  of  the  motor. 

As  far  as  the  writer  knows,  very  little  of  this  information  has 
been  published  and  it  is  the  intention  of  this  paper  to  set  forth 
facts  that  havrs  been  observed  and  state  the  possible  laws  that 
may  be  deduced  from  these  facts. 

This  paper  is  confined  to  the  finishing  department  of  the  paper 
mill  and  more  particularly  to  the  motor  drives  for  three  types 
of  paper  calenders. 

Paper  as  it  leaves  the  machine  does  not,  for  many  purposes, 
have  a  suflSciently  high  glaze  and  it  is  therefore  necessary  for  it 
to  undergo  some  further  process  known  as  calendering.  This 
may  be  done  in  one  of  three  ways:  first,  the  whole  roll  may  be 
calendered  by  passing  the  paper  through  a  *'  super  or  web 
calender;**  second,  the  paper  may  be  cut  in  sheets  and  these 
sheets  calendered  in  a  "  sheet  calender;"  third,  the  paper  may 
be  cut  in  sheets  and  calendered  in  a  '*  plater."  The  method 
used  depends  on  the  kind  of  paper  and  the  kind  of  finish  desired. 
All  "  loft  **  or  air-dried  papers  are  finished  either  in  a  sheet  cal- 
ender or  a  plater,  as  the  paper  must  be  cut  into  sheets  before 
drying.     These  papers  are  usually  of  the  higher  grades. 

1959 
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Super  Calenders 

A  super  calender  (Fig.  1)  consists  of  a  stack  of  rolls  carried 
in  upright  housings,  each  roll  having  its  own  bearings,  which  are 
so  constructed  that  they  arc  free  to  move  vertically.  Power 
is  usually  applied  to  the  bottom  roll  (occasionally  to  the  third) 
and  the  other  rolls  are  driven  by  friction  from  this  one.  Oil 
for  lubrication  is  supplied  to  the  top  journals  and  is  carried  down 
through  the  other  bearings  by  gravity.  The  top  and  bottom 
roll  and  the  small  or  intermediate  rolls  are  nearly  always  steel; 
the  other  rolls  may  be  either  steel,  chilled  iron,  paper  or  cotton, 
depending  on  the  kind  of  paper  and  finish  desired.  A  system 
of  levers  with  weights  is  used  to  apply  pressure  to  the  top  roll 
in  order  that  there  will  be  proper  pressure  on  the  paper.  The 
number  of  rolls  is  nearly  always  odd  and  may  be  three,  five, 
seven,  or  nine,  usually  seven  or  nine.  The  diameter  of  the  bottom 
roll  varies  from  18  in.  to  24  in.,  the  intermediate  from  10  in. 
to  16  in.,  the  cotton  or  paper  rolls  from  14  in.  to  20  in.  Calenders 
are  built  varying  in  width  from  36  in.  to  125  in. 

Requirements  for  Drive  of  a  Super  Calender,  One  end  of  the 
paper  is  taken  over  the  top  of  the  calender  and  then  passed 
back  and  forth  between  the  rolls,  shown  in  Fig.  1,  to  the 
bottom  of  the  stack  and  then  to  the  winding  roll.  In  order 
to  pass  this  paper  through  between  the  rolls,  which  process  is 
known  as  **  threading  in,'*  it  is  necessary  to  operate  the  rolls  at 
a  slow  sjxjed  and  it  is  very  important  that  this  speed  be  constant. 
This  speed  varies  in  different  mills  from  20  ft.  per  minute  to  a 
maximum  of  100  ft.  per  minute.  As  soon  as  the  paper  is 
**  threaded  in  "  and  started  on  the  winding  roll,  the  calender 
must  be  speeded  up  and  will  then  operate  at  a  speed  be- 
tween 400  ft.  to  800  ft.  per  minute,  depending  on  the  method 
of  drive,  the  operator,  and  the  kind  of  paper  calendered.  It 
is  therefore  necessary  to  provide  at  least  two  speeds  on  each 
stack,  one  a  low  speed  and  the  other  a  high  speed,  regardless  of 
the  method  of  supplying  power.  It  is  very  important  that  the 
acceleration  be  smooth  from  the  low  speed  to  the  high  speed 
in  order  not  to  break  the  paper  and  cause  the  consequent  loss 
of  production.  It  is  also  very  advisable  to  have  a  method  of 
slowing  down,  when  a  weak  or  torn  place  in  the  paper  appears, 
and  of  smoothly  accelerating  to  highest  speed  again.  It  is 
convenient  to  be  able  to  stop  the  calender  from  other  places 
than  at  the  operator's  usual  stand,  in  case  of  emergency. 
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Method  of  Drive 

Group  or  Shaft  Drive.  Calenders  were  originally  driven  from 
a  line  shaft  and  still  are  in  many  mills.  This  shaft  may  or  may 
not  be  driven  by  a  motor.  Fig.  2  shows  the  method  of  drive 
and  how  the  **  threading  in  "  speed  is  obtained.  The  cycle  of 
operation  is  as  follows: 

Throw  in  horn  clutch  a  which  starts  rolls  at  their  low  speed. 
After  paper  is  threaded  in  throw  in  friction  clutch  b  which  con- 
nects high-speed  driving  pulley  and  increases  roll  speed  to  max- 
imum. As  the  speed  increases  clutch  a  is  automatically  thrown 
out.  To  stop  the  calender  throw  out  friction  clutch  b.  Both 
ptdleys  are  running  all  the  time.  Clutch  a  is  now  nearly  always 
made  a  friction  clutch  and  a  horn  clutch  put  on  pulley  c,  both 
being  operated  from  the  same  lever.     With  this  arrangement 


ROLL 
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Fig.  2 — Web  Calender — Mechanism  for  Group  or    Belt    Drive. 


the  horn  clutch  is  thrown  in  first  and  then  the  friction  clutch 
which  is  now  at  a.  This  reduces  the  shock  and  allows  the  calender 
to  be  stopped  if  need  be  while  "  threading  in." 

The  high  speed  must  be  a  compromise  between  the  maximum 
that  any  of  the  paper  will  stand,  and  a  lower  speed,  which  is 
best  for  the  weakest  paper. 

Engine  Drive.  Abroad,  and  in  one  or  two  cases  in  this 
country,  individual  variable-speed  engines  are  used  to  drive 
calenders.  As  no  steam  is  required  ordinarily  aroimd  a  calender 
this  engine  drive  means  long  live  and  exhaust  steam  lines.  This 
drive  requires  space  in  the  basement  and  an  engineer  in  atten- 
dance. A  belt  drive  through  floor  is  used,  with  the  attendant 
grease  and  dirt  which  is  always  present  around  a  reciprocating 
engine.     A  two-cylinder  engine  must  be  used  and  even  then  a 
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tiniform  torque  is  not  obtained.  This  type  of  drive  does  not 
meet  with  favor  among  American  manufrcturers. 

Two-Motor  Drive.  The  most  natural  step,  when  motors  were 
applied  to  calenders,  was  to  belt  motors  to  the  old  mechanism 
which  was  used  when  the  calender  was  belted  to  the  line  shaft. 
It  was  at  once  seen  that  a  simpler,  more  compact  arrangement 
could  be  made,  as  well  as  the  belts  eliminated,  if  the  motors  were 
mounted  on  same  base  with  the  clutches  and  gears,  and  geared 
to  the  driving  mechanism.  (See  Fig.  3).  This  arrangement 
is  shown  diagranmiatically  in  Fig.  4  and  the  cycle  of  operation 
is. as  follows: 

Close  the  circuit  breaker,  then  start  small  motor,  now  throw 
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Fig.  4 — Web     Calender — Mechanism      for    Two- Motor    Drive 


in  horn  clutch  at  a,  which  will  start  the  calender  at  the  low 
speed.  After  paper  is  threaded  in,  advance  controller  on  large 
motor,  which  increases  speed  of  calender  and  automatically 
throws  out  horn  clutch  at  a.  The  small  motor  may  be  shut 
down  or  left  running,  as  desired.  To  stop  calender  the  power 
is  thrown  off. 

It  is  usual  practise  now  to  mount  a  friction  clutch  also  at  b 
which  is  controlled  from  same  lever  as  a  and  operated  as  de- 
scribed under  "  Group  Drive." 

It  is  now  a  simple  matter  to  make  the  large  motor  an  adjustable 
speed  motor  and  obtain  smooth  acceleration  from  low  to  high 
speed.  This  tjrpe  of  motor  makes  it  possible  to  gear  the  calender 
90  that  the  maximum  speed  will  be  the  maximum  at  which  it 
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is  possible  to  finish  any  of  the  paper  and  the  calender  can  easily 
be  slowed  down  to  accommodate  weaker  paper  or  for  a  different 
finish. 

Two  Motors  Replaced  by  One,  It  is  possible  to  do  away  with 
the  small  motor  used  in  a  two-motor  drive  and  by  means  of 
gearing  and  clutches  to  operate  the  calender  at  the  **  threading 
in  **  speed  from  the  large  motor.  This  is  shown  in  Fig.  6.  The 
cycle  of  operation  is  as  follows: 

Close  the  circuit  breaker  and  start  up  motor.  The  large 
gear  d  and  pinion  e  are  mounted  on  a  bushing  loose  on  the  shaft. 
In  starting,  horn  clutch  a  is  first  thrown  in,  the  friction  clutch 
c  being  open.  As  gear  d  is  loose  on  shaft  the  calender  is  driven 
at   the   low   speed     through  back  gears.     After  the  paper  is 
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Fig.  5 — Web  Calender — Mechanism  for  One-Motor    Drive. 


"  threaded  in  '*  friction  clutch  c  is  thrown  in,  connecting  gear 
d  to  shaft  and  calender  speeds  up  to  maximum,  while  horn  clutch 
a  is  thrown  out  automatically. 

From  the  operator's  standpoint  this  drive  is  practically  as 
good  as  the  "  Two-Motor  Drive  "  previously  described.  The 
electrical  features  will  be  discussed  later. 

One  Motor  Direct-Geared.  In  this  method  of  drive  there  is 
only  one  large  motor  direct-geared  or  belted  to  the  driving  roll 
as  shown  in  the  diagram.  Fig.  6.  It  is  therefore  necessary  to 
obtain  the  "  threading  in  "  speed  or  a  speed  |  to  1/13  of  the 
maximum  by  reducing  the  speed  of  the  motor  by  inserting  re- 
sistance.    The  cycle  of  operation  is  as  follows: 

Close  the  circuit  breaker  and  adjust  the  controller  until  the 
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motor  operates  at  the  desired  speed.    All  speed  changes  are 
made  by  the  movement  of  the  controller  handle. 

This  drive  eliminates  all  clutches,  nearly  all  the  gears  and 
makes  mechanically  a  very  compact  and  simple  drive.  The 
"  threading  in  **  speed,  necessarily,  is  very  unstable,  as  will  be 
seen  when  the  electrical  features  are  taken  up. 

Power  Requirements 

General  Characteristics,  The  power  consumed  by  a  calender 
is  entirely  used  in  overcoming  friction,  therefore  a  calender  re- 
quires (within  limits)  a  constant  torque.  It  has  further  been 
found,  from  tests,  that  with  most  grades  of  paper,  only  15  to 
20  per  cent  of  the  power  consumed  is  required  by  the  paper  itself, 
and  80  to  85  per  cent  of  the  power  is  consumed  in  overcoming  the 
friction  of  the  machine.     Therefore,  to  drive  a  given  calender  at 
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Fig.  6 — Web  Calender — One-Motor  Drive,  Direct-Geared. 


various  speeds,  a  motor  or  engine  is  required  that  will  give  con- 
stant torque  rather  than  constant  horse  power  over  the  range  of 
speed  desired. 

Low-Speed  Power  Requirements.  As  i)reviously  stated,  means 
must  be  provided  to  obtain  a  slow  or  "  threading  in  "  speed,  ap- 
proximately I  to  1/13  the  maximum  speed  of  the  calender,  in  order 
that  the  feeding  in  of  the  paper  may  be  done  as  easily  and  quickly 
as  possible.  This  speed  should  remain  practically  constant  with 
the  change  in  torque  from  the  calender  alone  without  weights, 
to  the  calender  with  paper  completely  ^'threaded  in*'  with  weights. 
This  increase  in  torque  varies  from  10  to  75  per  cent,  depending 
on  the  kind  of  paper  or  cardboard  being  calendered.  Many  low- 
speed  drives  have  been  tested  and  the  maximum  power  required 
by  the  motor  at  50  to  60  ft.  per  min.  on  the  paper  has  never 
exceeded  five  to  six  horse  power,  regardless  of  the  size  of  the  calen- 
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der,  kind  of  paper,  and  the  type  of  drive.  Fig.  7  shows  the  results 
of  various  tests  on  different  paper  calenders  at  "  threading 
in  "  speeds.  The  points  all  fall  close  to  a  straight  line,  showing 
the  condition  of  constant  torque.  These  values  represent  the 
power  consumed  by  calender  and  drive  with  paper  completely 
"  threaded  in  ".  A  motor  smaller  than  TJ  h.p.  is  not  to  be 
recommended  if  a  separate  motor  is  used,  and  the  gearing  can  be 
made  easily  to  accommodate  a  m6tor  sjjeed  of  850  revolutions. 

High-Speed  Power  Requirements.  When  we  come  to  determine 
the  power  required  by  a  calender  when  calendering  paper, 
there  are  many  points  to  be  considered.  These  are  listed  in  order 
of  their  relative  importance,  and  then  each  taken  up  in  detail : 


feet  per  minute 
Fig.  7 — Power  Required  for  Threading  In. 


steel 
Material, Bize.numberandconditionof  rolls     {  chilled  iron. 

b.  Number  of  "nips"  or  passes  of  paper. 

o.    Typ.  bearing,   j  Pl™  io«™«I'- 
[  roller  beanngs. 

d.  Kind  of  stock    J  P'^P"- 

( cardboard. 

e ,  Pressure  on  rolls. 

(1)   Power  varies  with  kind  of  rolls. 
i.     Width  of  stack  or  rolls. 

(I)  Active  width  is  width  of  paper  calendered. 
g.   Surface  speed  of  rolls  in  feet  per  minute. 

(1)   Difference  in  speed  between  rolls  and  paper. 

a.  The  varying  of  the  power  with  the  kind  of  rolls-is  closely 

interlinked  with  the  varying  of  power  due  to  different  pressures 

applied.     This  subject  as  far  as  the  writer  knows  has  never  been 

investigated  carefully.     It  is  known  that  the  power  varies  accord- 
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ing  to  hardness  of  the  roll,  therefore  steel  or  chilled  iron  requires 
the  minimum  power,  then  comes  paper  and  then  cotton.  This 
variation  is  probably  only  a  few  per  cent  in  most  cases.  A 
temporary  increase  of  20  to  25  per  cent  in  the  power  may  be  re- 
quired by  a  calender  when  starting  up  with  rolls  and  bearings 
cold;  this  will  not  usually  last  more  than  15  to  30  minutes  and 
can  be  taken  care  of  by  overload  capacity  of  the  drive.  It  has 
also  been  found  that  a  calender  takes  a  little  less  power  as  the 
diameter  of  rolls  is  increased,  due  to  the  fact  that  the  wedging 
eflFect  is  less. 

b.  Even  though  a  seven  or  nine-roll  stack  is  installed,  it  may  be 
found  possible  to  obtain  the  finish  desired  without  passing  the 
paper  between  each  pair  of  rolls.  Each  pass  is  known  to  the 
paper  maker  as  a  "  nip/'  The  more  "  nips  ''  taken,  the  larger 
the  power,  and  this  increase  varies  from  nearly  zero  with  hard 
paper  to  10  per  cent  with  heavy  cardboard  for  each  "  nip.*' 

c.  Practically  all  calenders  are  equipped  with  plain  bearings, 
although  roller  bearings  have  been  used  in  a  few  cases.  It  is 
claimed  that  roller  bearings  reduce  the  bearing  friction  about  30 
per  cent,  but  the  first  cost  and  maintenance  is  probably  higher 
than  for  plain  bearings.  It  is  also  essential  to  keep  the  bearings 
well  lubricated,  for,  referring  to  the  top  curve  of  Fig.  8,  it  is 
noticed  that  the  power  dropped  8  to  10  kw.  or  nearly  12  per 
cent  when  the  upper  journal  was  oiled. 

d.  The  amount  of  power  required  by  a  calender  will  vary 
according  to  the  thickness  of  the  stock  being  calendered.  This 
stock  varies  from  the  thin  book  paper  to  heavy  cardboard.  The 
power  required  for  the  heavier  grades  of  board  may  be  from  25  to 
30  per  cent  more  than  for  the  ordinary  weights  of  book  paper.  It 
is  not  customary  to  use  as  much  pressure  on  the  heavy  cardboards 
as  on  the  thinner  papers.  The  power  requirements  for  different 
grades  of  papers  of  approximately  the  same  thickness  do  not 
vary  to  any  extent.  There  is  also  very  little  difference  in  power 
consumed  between  plain  and  coated  papers. 

e.  As  the  power  consumed  by  the  rolls  alone  of  a  calender  is 
used  in  overcoming  rolling  friction,  it  is  correct  to  assume  that 
it  ^\411  increase  about  in  proportion  to  the  pressure.  The  total 
load  consists  not  only  of  the  friction  of  the  rolls  but  also  of  the 
roll  bearings  and  driving  mechanism;  which  friction  will  not 
increase  directly  with  the  pressure  on  the  rolls.  For  all  practical 
purposes,  however,  as  regards  the  motor  sizes,  it  is  safe  to  assume 
that  the  torque  will  vary  directly  with  the  pressure  applied  to  the 
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rolls.  Tests  made  in  Germany  show  that  increasing  the  pressure 
3.43  times  increases  the  power  2.74  to  2.78  times.  Another 
variable  that  now  enters  is  whether  the  rolls  are  steel,  chilled 
iron,  paper  or  cotton.  The  friction  of  the  last  mentioned  in- 
creases somewhat  faster  than  the  others  as  pressure  is  applied. 

f .  Approximately  80  to  85  per  cent  of  the  power  used  in  a  cal- 
ender is  consumed  in  overcoming  the  roll  and  roll  bearing  fric- 
tion, except  in  the  case  of  cardboard.  Of  this,  the  amotmt  con- 
sumed by  the  bearings  is  a  very  small  percentage.  The  friction 
of  the  rolls  varies  directly  as  the  length  of  contact,  therefore  with 
any  given  design  of  calender  on  the  same  grade  and  same  speed 
of  paper,  the  power  required  will  vary  almost  directly  with  the 
width  of  stack,  or  the  active  length  of  roll  face,  when  calender- 
ing. 

The  following  table  shows  that  the  constant  per  inch  active 
width  remains  fairly  uniform,  the  speed  being  the  same. 


Active  width  roll 

Constant 

per 

inch  width 

Inches 

Minimum 

Maximum 

28 

0.78 

0.97 

62 

0.905 

1.03 

72 

0.80 

0.94 

75 

0.81 

0.987 

86 

0.93 

1.02 

Average 

0.85 

0  93 

Total  average   » 

0.89 

The  active  width  of  roll  is  determined  by  width  of  paper  and 
this  not  being  known  in  some  of  the  above  cases,  probably  ac- 
counts for  the  lower  values.  A  constant  near  the  maximum 
should  be  used  in  determining  maximum  power  required  by  a 
given  calender. 

g.  The  power  required  by  any  given  stack  with  .same  width  and 
grade  of  paper  will  vary  directly  with  the  speed  at  which  the 
paper  is  calendered,  assuming  same  pressure  at  all  speeds.  This 
must  be  true  if  a  calender  is  considered  as  a  friction  or  constant 
torque  machine. 

Two  Germans  found  from  tests  which  were  recently  published 
that  the  power  required  at  full  speed  was  1.95  times  power  re- 
quired at  50  per  cent  speed,  while  the  amount  of  paper  turned  out 
was  1.75  times  without  weights  and  1.81  times  with  weights. 
The  increase  of  pressure  reduces  slippage  between  rolls  and  paper, 
as  might  be  expected. 
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Summary  of  Power  Requirements 
In  determining  the  amount  oE  power  required  by  a  calender 
the  maximum  should  be  considered  that  would  be  required  with 
paper  of  full  width,  making  all  the  passes,  running  at  maximum 
speed  for  which  gearing  is  designed,  and  with  all  weights  on  pres- 
sure levers.  Calenders  are  usually  designed  so  that  the  maxi- 
mum pressure  per  inch  width  is  constant.  If  the  above  points 
are  considered,  then  the  overload  capacity  of  the  drive  should  be 
capable  of  handling  any  increase  in  load  due  to  poor  lubrication 
and  different  roll  material.  (This  applies  topaperonly.aspower 
required  for  cardboard  is  materially  different).  Tests  have 
shown  that  the  average  load  on  a  motor  driving  a  calender  is 
from  50  to  66  per  cent  of  maximum  while  the  true  heating  effect 


Fig.  9 — Horse  Power  i 


is  from  20  to  30  per  cent  larger  than  the  average,  or  from  60  to  80 
per  cent  of  maximum. 

Fig.  9  shows  the  maximum  horse  power  per  inch  width  re- 
quired on  ten  calenders  varying  from  36  to  86  inches,  reduced  to 
a  500-foot  per  minute  basis.  The  low  points  recorded  are  prob- 
ably due  to  narrow  paper  in  the  calender.  Unfortunately, 
complete  data  as  to  what  weights  were  used  are  not  available 
on  all  the  tests.  This  might  also  account  for  some  of  the  low 
points.  It  is  probable,  however,  that  a  value  of  0.95  to  one  h.p. 
per  inch  width  is  the  correct  constant  to  use  at  500  feet  per 
minute  calender  speed,  and  if  used,  the  drive  will  be  of  sufficient 
capacity  to  drive  the  ordinary  calender  finishing  paper  with  prac- 
tically all  the  weights  on  pressure  levers.  Fig.  10  is  convenient 
for  quickly  ascertaining  the  size  of  motor  for  any  width  calender 
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at  any  common  speed  and  is  based  on  numerous  observations 
and  tests. 

The  question  will  probably  be  asked,  "  Why  not  choose  the 
capacity  of  the  motor  such  that  full  load  on  the  motor  will  be  the 
same  as  the  true  heating  effect  of  the  load,  that  is,  from  60  to  80 
per  cent  of  that  shown  in  Fig.  9?"  Maximum  production  is  de- 
sired by  the  manufacturer  and  an  alternating-current  motor 
having  4  per  cent  slip  at  full  load  will  have  6  to  7  per  cent,  at 
least,  at  40  per  cent  overload,  and  this  means  a  loss  of  2  to  3  per 
cent  production  if  the  motor  is  operated  at  overload  while  cal- 
endering paper,  as  well  as  increased  stresses  in  the  motor. 


Fig.  10 — PowEi  Required  bv    Weti    CALENnens. 


Power  Required  by  Cardboard.  The  power  used  when  card- 
board is  calendered  depends  largely  on  the  personal  element  of 
the  mill  and  on  the  condition  of  the  stock  as  it  comes  to  the 
calender.  For  a  low  speed  of  about  fiO  ft.  per  minute  a  10-h.p. 
motor  is  required,  while  the  power  requirements  for  high  speed 
should  be  studied  for  each  particular  situation,  inasmuch  as  the 
power  required  may  easily  be  25  to  30  per  cent  more  than  for 
the  same  calender  if  calendering  pajer.  In  many  cases,  however. 
ver>'  li/ht  pressure  is  used  on  the  rolls.     The  power  required  by 
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the  calender  without  the  cardboard  threaded  in  is  therefore 
smaller  (about  40  per  cent  of  the  total),  while  the  power  con- 
sumed by  the  cardboard  is  more  (about  60  per  cent  of  the  total), 
and  the  total  load  on  the  motor  may  be  about  the  same  as  if  the 
calender  was  working  on  paper  with  heavy  pressure  on  the 
rolls. 

Discussion  of  Motors  and  Control  for  Driving 

Calenders 

As  we  have  previously  stated,  motor  drive  for  calenders  must, 
to  be  successful,  meet  certain  conditions,  as  follows: 

a.  Give  uniform  "  threading  in  "  speed. 

b.  Give  smooth  acceleration  to  maximum  speed. 

c.  Must  be  possible  easily  and  quickly  to  slow  down  and  again  ac- 
celerate. 

d.  Must  be  able  to  operate  at  various  speeds  to  accommodate  various 
grades  of  paper. 

e.  Should  be  able  to  shut  down  motor  from  various  points  around 
calender. 

f .  Control  should  be  simple  and  extremely  substantial. 

g.  Should  be  capable  of  stopping  calender  quickly. 

Two-Motor  Equipment — Alternating  Current.  Fig.  4  shows 
in  outline  the  mechanical  drive  using  two  motors.  For  the 
small  motor  a  7J-h.p.  850-rev.  per  min.  squirrel-cage  type  of 
motor  is  used,  which  may  be  provided  with  an  induction  type 
starter,  or  ])referably  a  small  oil  switch  mounted  close  to  the  con- 
troller for  large  motor.  For  the  large  motor  a  wound-secondary 
type  is  nearly  always  used  and  a  full  load  speed  of  495  or  580  rev. 
per  min.  is  required  in  order  to  keep  the  pitch  line  speed  and 
size  of  the  gears  within  reasonable  limits.  This  motor  is  con- 
trolled from  a  drum  controller,  with  external  resistance,  usually,  of 
such  a  capacity  that  the  motor  may  be  operated  continuously  at 
any  speed  as  low  as  50  per  cent  of  the  maximum.  Occasionally, 
the  resistance  is  designed  for  only  three-  or  five-minute  service 
on  the  low  speeds.  In  addition,  an  automatic  oil  circuit  breaker 
should  be  installed  to  protect  the  large  motor  and  also  control 
circuit  to  small  motor.  This  breaker  should  be  equipped  with 
an  inverse  time  element  relay  so  that  the  momentary  peak  demand 
for  power  on  accelerating  will  not  trip  the  breaker. 

One  of  the  most  satisfactory  controls  which  has  yet  been  de- 
signed for  a  calender  drive  consists  of  a  panel  on  which  is 
moimted  a  set  of  solenoid-operated  switches  for  main  circuit,  a 
circuit  breaker  with  inverse  time  element  relay  and  an  ammeter 
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for  check  on  power  consumed.  With  this  panel  is  used  a 
modified  drum  controller  and  the  operation  is  as  follows: 

Close  the  circuit  breaker,  throw  in  the  small  oil  switch  start- 
ing small  motor.  When  ready,  move  controller  handle  to  first 
notch,  which  closes  solenoid  switches,  and  continue  to  advance 
handle  until  the  large  motor  takes  the  load  from  the  smaller 
motor.  In  series  with  the  solenoid  winding  of  switches  and 
first  notch  of  controller,  may  be  inserted  as  many  emer- 
gency stations  as, are  desired.  If  one  of  these  stations  is 
opened  the  solenoid  switches  immediately  drop  out  and  shut 
down  the  large  motor  and  the  switches  cannot  again  be  closed 
until  controller  is  returned  to  the  first  notch.  The  small  motor 
remains  nmning  but  disconnected  from  the  driving  mechanism 
by  the  pin  clutch.  It  is  always  preferable  to  stop  calender  by 
one  of  these  stations,  which  should  be  mounted  at  the  controller. 
This  control  puts  the  work  of  making  and  breaking  the  current 
on  the  solenoid  switches,  which  can  be  made  very  rugged  and  pro- 
vided with  arcing  tips.  In  many  mills  the  number  of  times  the 
current  is  broken  is  8  to  12  or  even  more  times  an  hour,  and  if  the 
calender  runs  24  hours  a  day,  six  days  a  week,  the  switches  are 
called  on  to  break  approximately  full-load  current  1100  to  1700 
times  a  week. 

The  above  equipment  meets  conditions  (a)  to  (f),  leaving 
now  only  the  quick  stop.  From  calculations  based  on  a 
66-in.  seven-roll  stack,  operating  at  600  feet  per  minute, 
it  was  found  that  the  flywheel  effect  of  the  rolls  and  mech- 
anism, exclusive  of  the  motor  and  large  gear  driven  by  the 
motor,  was  35  h.p-seconds,  the  motor  38  h.p-seconds,  and 
the  large  gear  34  h.p-seconds.  The  flywheel  effect  of  a  motor- 
driven  stack  is  therefore  about  three  times  that  of  a  stack  driven 
from  line  shaft  and  the  time  required  to  stop  after  disconnection 
from  power  is  about  three  times  as  long.  This  is  not  so  import- 
ant on  light-weight  paper  as  on  heavy  weights.  An  electric 
brake  may  be  attached  to  the  large  motor  which  will  overcome 
its  flywheel  effect.  It  appears,  however,  more  satisfactory,  and 
introduces  fewer  complications  to  use  a  mechanical  brake  on  the 
lower  roll  outside  of  the  calender  housinj^^,  this  brake  being 
applied  by  a  foot  lever  extending  close  to  the  controller.  This 
brake  is  usually  made  so  that  its  operation  is  very  effective  and 
the  calender  can  be  stopped  even  quicker  than  in  the  group  drive. 

Direct  Current.  The  motor  end  of  a  direct -current  drive  is  the 
same  as  with  alternating  current,  with  the  exception  that  in  some 
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cases  part  of  the  speed  control  is  obtained  by  varying  field 
strength  of  the  motor.  The  control  is  worked  out  in  the  same 
manner  as  before;  in  some  instances  the  drum  controller  is  re- 
placed by  one  of  a  face-plate  type.  Sometimes  a  master  con- 
troller only  is  used,  which  controls  magnetic  switches  for  hand- 
ling the  current.  One  advantage  with  direct  current  is  the  fact 
that  dynamic  braking  can  be  obtained  automatically  and  the 
calender  stopped  very  quickly. 

One-Motor  Drive  (Small  Motor  Omitted).  Fig.  5  shows  that 
this  drive  resembles  the  two-motor  drive,  except  that  by  means  of 
gearing  and  a  clutch  the  large  motor  is  made  to  do  the  work  pre- 
viously done  by  the  small  motor.  The  same  type  of  motor  and 
control  is  used  as  before  and  the  same  facts  regarding  flywheel 
effect  and  braking  are  true.  The  calender  is  stopped  by  cutting 
the  power  off  the  motor.  If  the  clutch  is  thrown  out  then  there 
is  only  the  flywheel  of  the  calender  alone,  as  in  the  belt  drive. 
This  type  of  drive  so  far  as  is  known  has  never  been  used  with 
direct  current,  but  could  be  if  desired. 

One  Motor  Direct-Geared — Alternating  Current.  In  this  drive  as 
shown  in  Fig.  6,  the  one  large  motor  of  the  wound-rotor  type  is 
geared  or  belted  direct  to  the  driving  roll.  It  is,  therefore,  neces- 
sary to  decrease  the  speed  of  this  motor,  by  inserting  resistance  in 
secondary,  to  |  or  1/12  the  maximum  speed  in  order  to  obtain  the 
proper  "  threading  in  **  speed.  It  is  impossible  to  obtain  a  stable 
**  threading  in  "  speed  in  this  manner,  owing  to  the  well-known 
characteristics  of  an  a-c.  wound-rotor  variable  speed  motor.  If 
the  calender  is  running  without  paper  at  the  proper  speed  and 
paper  is  fed  in,  the  friction  increases  and  if  this  increase  amounts 
to  approximately  8J  per  cent  the  motor  will  stop.  With  some 
cardboard  this  increase  in  friction  has  been  f oimd  to  be  as  high  as 
60  per  cent.  It  is  impossible,  in  nearly  every  case,  to  complete 
the  "  threading  in  "  without  changing  the  controller  setting,  which 
may  mean  a  third  man  on  the  calender.  After  the  paper  is 
"  threaded  in  *'  the  motor  operates  like  any  other  variable  speed 
motor.  The  control  which  should  be  used  with  this  drive  is 
the  one  using  solenoid  switches  described  imder  "  Two- Motor 
Drive."  The  controller  must  be  supplied  with  a  large  amount 
of  resistance  in  order  to  obtain  the  very  slow  speed.  The  flywheel 
effect  and  braking  conditions  are  as  in  the  two-motor  drive. 

One  Motor  Direct-Geared — Direct  Current.  If  a  d-c.  motor 
is  used  direct-geared,  the  conditions  are  not  quite  so  bad.  A 
d-c.  motor  giving  a  3:1  or  a  4:1  reduction  in  speed  from  the 
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maximum  by  field  control  should  be  used.  The  power  input 
of  this  motor  is  proportional  to  the  load  within  its  speed 
range  and  is  not  constant  as  in  the  case  of  the  a-c.  motor.  It 
is  now  necessary  to  reduce  the  speed  from  the  full  field  speed » 
or  i  the  maximum  to  only  J  or  ^  in  order  to  obtain  a  "  threading 
in  '*  of  i  to  1/12  the  maximum  speed.  Using  a  commutating- 
pole  motor  of  good  inherent  regulating  qualities,  a  fairly  stable 
speed  is  obtained  and  it  will  take  33  per  cent  increase  in  friction 
to  stop  motor  instead  of  8J  per  cent  as  in  the  a-c.  motor.  There- 
fore, with  a  30  per  cent  increase  in  friction  in  **  threading  in  " 
one  would  not  expect  to  stop  the  motor.  With  paper  this  in- 
crease is  much  smaller  and  this  speed  change  would  not  be 
troublesome.  Another  feature  is  that  dynamic  braking  can 
be  used  and  quick  stopping  assured.  Fig.  11  shows  a  control 
panel  for  this  drive. 

Mechanical    and     Electrical    Advantages    and     Disad- 
vantages OF  Each  Drive 

In  the  following  comparisons  it  should  be  remembered  that 
the  paper  maker  is  primarily  interested  in  cost  of  production. 
He  is,  therefore,  interested  in  mechanical  and  electrical  simplic- 
ity, ease  of  control  and  operation,  small  maintenance,  minimum 
labor,  minimum  power  cost  per  unit  output. 

It  has  been  found  from  many  tests  and  observations  that 
calenders  are  run  on  slow  speed  from  25  to  33  per  cent  of  the 
time;  10  to  22  per  cent  of  the  time  is  consumed  in  **  threading 
in,*'  varying  with  weight  of  pai)er  or  length  of  roll. 

The  following  comjDarisons  arc  bare  statements  of  facts  and 
it  is  not  the  intention  to  recommend  one  drive  over  another.  A 
large  advantage  for  one  drive,  in  some  mills,  may  be  insignifi- 
cant in  another. 

Group  Drive  by  Motor — Same  for  a-c.  and  d-c. 

Advantages.  With  this  drive  the  maiiufacturer  has  a  constant 
slow  speed,  only  one  motor  and  starter  for  entire  group,  minimum 
chance  of  trouble  with  electrical  apparatus.  Lower  first  cost, 
therefore  lower  fixed  charge  per  calender. 

A  70-in.  calender  arranged  for  drive  from  line  shaft  costs   $4600 

Shaft  per  calender  approx 100 

Share  of  capacity  in  large  motor  for  70-in.  calender. .  .     400 


Total $5100 


Fic.  II — Direct-Current  Control  Panel.        |mo»»») 


Frc.  12— Sheet  Calenders. 
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Disadvantages.  Belts  to  maintain,  two  clutches  to  keep  in 
repair;  main  shaft  takes  space  on  floor  below  calenders;  friction 
clutch  to  throw  in  high  speed,  and  as  usually  operated  there  is 
a  sudden  strain  on  paper  with  consequent  possibility  of  breaking 
and  lost  production.  Only  one  high  speed  and  no  way  to  vary 
it.  Large  motor  operating  on  a  widely  fluctuating  load,  from 
15  per  cent  to  150  per  cent  load,  which  means  poor  efficiency, 
poor  power  factor,  and  a  variation  in  the  speed  of  shaft  of  5  per 
cent  or  more.  It  has  also  been  foimd  that  the  shafting  and 
belting  loss  alone,  per  calender,  is  approximately  four  kw.  This 
means  for  a  24-hour  day,  96  kw-hr.  at  $0.01  per  kw-hr.,  S0.96 
per  day,  $288  per  year.  This  capitalized  at  5  per  cent  means 
$5770. 

Two-MoTOR   Drive.      Same  for  d-c.   and  a-c. 

Advantages.  Constant  **  threading  in  "  speed,  smooth  accel- 
eration from  low  to  high  speed,  reducing  strains  on  paper  and 
lost  production.  Ability  to  slow  down  to  any  desired  point 
easily  and  quickly.  Calender  can  be  geared  to  run  at  maximum 
speed  that  any  of  paper  will  stand,  as  lower  speeds  are  available 
for  weaker  paper.  This  speed  can  easily  be  10  to  15  per  cent 
higher  than  in  the  group  drive.  Only  one  clutch  necessary  and 
that  a  pin  clutch.  Sometimes  a  friction  clutch  is  also  used  on 
large  gear  on  low  speed  so  the  pin  clutch  may  be  thrown  in 
without  starting  the  rolls  and  the  rolls  started  by  friction  clutch. 
Both  these  clutches  are  operated  from  one  lever.  Large  motor 
operated  at  good  efficiency  and  power  factor.  Losses  minimum 
on  low  speed.  The  low-speed  motor  running  light  has  an 
average  input  of  0.6  kw.  This  corresponds  to  the  friction  of  the 
shafting  in  the  group  drive,  as  the  large  motor  does  not  consume 
energy  except  when  driving  the  calender  at  its  operating  speeds. 
Moreover,  the  efficiency  of  the  motor  in  the  group  drive  will 
be  nearly  the  same  as  this  large  motor.  It  may  be  assumed  that 
this  0.6  kw.  is  a  24-hour  loss,  as  the  small  motor  is  usually  left 
running  continuously  and  is  used  for  **  threading  in  "  only  10 
to  15  per  cent  of  the  time.  Thus  0.6  kw.  for  24  hr.  per  day  at 
$0.01  per  kw-hr.  =  $0,144,  or  $43.20  per  year  of  300  days— a 
gain  of  $234.00  per  stack  over  group  drive,  or  5  per  cent  on 
$4700. 

Good  power  factor  is  maintained  on  the  line  since  the  idle 
current  of  the  small  motor  is  small. 
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Disadvantages,     High  first  cost:    A  70-in.  calender, 

For  two-motor  drive $4750 .00 

For  small  motor. .  .• 170.00 

For  large  motor 900.00 

For  control 300.00 

Total $6120.00 

Maximum  chance  of  trouble  exists  with  electrical  equipment. 
Large  floor  space  is  required.  It  requires  three  times  as  long 
to  stop  after  power  is  shut  off  as  group-driven  calender.  Large 
motor  requires  the  same  kilowatt  input  regardless  of  speed, 
assuming  constant  torque.  This  disadvantage  is  more  than 
overcome  by  increased  production  possible,  due  to  variable 
speed  feature. 

Two  Motors  Replaced  by  One.      Same  for  d-c.  and  a-c. 

Advantages,  One  less  motor  to  care  for  than  in  two-motor 
drive.  Less  floor  space  required,  constant  **  threading  in  *' 
speed  obtained,  smooth  acceleration  from  low  to  high  speed, 
ability  to  slow  down  easily  if  desired.  Calender  can  be  run  at 
maximimi  speed  any  paper  will  stand,  as  slower  speeds  are 
available  for  weaker  papers.  As  motor  and  gear  may  be  dis- 
connected Jrom  stack  on  stopping,  flywheel  effect  is  the  same  as  in 
group  drive.  If  stack  is  stopped  by  cutting  power  off  the  motor 
the  flywheel  effect  is  the  same  as  in  two-motor  drive. 

Calender,  70-in.,  and  mechanism $4925 .00 

Large  motor 900 .00 

Control 275 .00 

$6100.00 

Disadvantages,  Two  clutches,  one  being  friction;  large  gear 
on  quill  which  may  wear  and  cause  excessive  gear  wear.  Re- 
quires same  kilowatt  input  regardless  of  speed,  assuming  same 
torque.  This  is  turned  to  an  advantage  by  increased  production 
possible.  Light  load  losses  larger.  Based  on  a  70-in.  stack,  a  three- 
phase  550-volt  75-h.p.  motor  running  light  will  operate  with  a 
current  approximately  25  amperes,  power  factor  15  to  20  per  cent, 
kilowatt  input  4.0  to  6.0.  Assuming  5  kw.  to  be  average 
and  the  motor  running  light  20  per  cent  of  time  or  4.8  hours  per 
day,  we  have  5  X  0.01  X  4.8  =  $0.24  per  day  or  $72.00  per  year, 
or  $28.80  per  year  more  than  two-motor  drive.  This  is  5  per 
cent  on  $575.00  and  small  motor  costs  $170.00.  The  worst 
effect  is  in  the  power  factor  of  the  system  if  many  of  these  motors 
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are  installed.     As  far  as  power  consumed  goes,  there  is  ordinarily 
not  much  choice. 

Single  Motor,  Direct-Geared 

A  dvanlages — a-c.  Only  one  motor  is  used,  no  clutches,  minimtmi 
possible  amount  of  gearing  and  smallest  floor  space  of  any  drive. 
The  calender  can  be  geared  for  maximum  speed  that  any  of  the 
paper  will  stand  and  can  be  easily  retarded  at  will,  and  operated 
at  lower  speeds  for  weaker  paper.  Smooth  acceleration  from 
**  threading  in  *'  to  running  speed  is  obtained.  The  first  cost 
is  lower: 

Calender $4185.00 

Motor 900.00 

Control 450.00 

Total $5535.00 

Additional  Advantages  on  d-c.  Dynamic  braking  can  be  used 
to  stop  calender  quickly.  More  stable  **  threading  in  "  speed 
due  to  the  fact  that  full  field  speed  is  about  i  maximum  and  the 
speed  has  to  be  further  reduced  by  armature  resistance  to  J  or 
J  instead  of  J  or  1/12  as  with  a-c.  Losses  are  less  on  reduced 
speeds  than  with  a-c. 

Disadvantages,  Very  unstable  *'  threading  in  "  speed  is  ob- 
tained; controller  setting  usually  has  to  be  changed  during 
"  threading  in.''  Extra  large  controller  and  resistance  is  re- 
quired to  obtain  the  low  speed.  The  large  flywheel  effect 
causes  the  calender  to  run  three  times  as  long  as  if  group-driven. 
It  has  been  found  on  this  type  of  drive  that  the  "  threading  in  " 
requires  from  9  to  14  per  cent  of  total  time  and  on  a  72-in.  cal- 
ender the  power  consumed  varied  from  16  to  29.8  kw.  during 
this  period,  as  against  about  2.2  to  4  kw.  with  two-motor  drive. 
As  this  time  required  to  *'  thread  in  "  is  also  somewhat  longer* 
the  cost  of  power  used  for  the  '*  threading  in  "  process  is  from 
6  to  10  times  that  of  the  other  two  types  of  drive.  This  motor 
is  practically  never  running  except  when  paper  is  in  the  calender, 
and  therefore  has  no  *'  running  light  **  loss  to  correspond  to  the 
other  drives.  The  power  factor  is  low  while  motor  is  running 
light  and  during  ''  threading  in."  The  control  for  this  drive 
is  subjected  to  the  hardest  service  of  any,  as  60  per  cent  to  100 
per  cent  full  load  current  is  broken  every  time  the  current  is 
shut  off.  Motor  tests  show  that  the  current  is  broken  13  to 
15  times  per  hour  as  an  average.  This  means  for  a  24-hour  day, 
six-day  week,  1870  to  2160  breaks  per  week.     The  otdisu&s:^ 
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circuit  breaker  contact  is  said  to  be  good  for  about  3000  breaks, 
so  a  very  substantial  switch  must  be  used  in  order  to  get  any 
reasonable  length  of  service.  This  drive  may  require  more  labor, 
or  in  other  words  a  third  man  may  be  needed  at  controller  during 
"  threading  in."  This  same  man,  can,  however,  take  care  of 
several  stacks. 

Why   Should   Motor-Driven   Supercalenders    be    Used? 

From  the  preceding  pages  certain  advantages  of  motor-driven 
supercalenders  have  been  pointed  out  which  tend  to  lower  cost 
per  unit  product  and  to  increase  the  production  per  machine. 
These  may  be  summarized  as  follows; 

a.  Long  mechanical  transmissions  eliminated  with  maintenance  of  their 
shafts,  belts,  hangers,  etc. 

b.  Reduced  chance  of  all  calenders  being  shut  down  at  once.  With 
mechanical  drive  this  often  happens.due  to  belt  breaking  or  shaft  trouble 
and  the  loss  of  production  is  large. 

c.  Smooth  acceleration  from  low  to  high  speed,  reducing  strains  on 
paper,  therefore  reducing  breakage  and  loss  of  production. 

d.  Ability  to  operate  calender  at  maximum  speed  which  the  particular 
paper  will  stand.    With  group  drive  only  one  speed  is  available. 

e.  Ability  to  slow  down  easily  for  a  weak  place  in  paper  saves  much 
time  and  increases  production.  Referring  to  Fig.  8  (lower  half)  it  will  be 
seen  at  one  point  the  paper  ran  25  minutes  without  a  break  but  the  con- 
troller was  used  26  times  to  reduce  the  speed,  and  it  is  further  seen  that  it  re- 
quires on  the  average  three  to  five  minutes  to  paste  together  the  paper  and 
feed  it  in  again.     If  the  paper  had  broken  13  times  only  it  would  mean 

13  X  4  X  500 

=  8700  yards  of  production  lost. 

3 

f .  The  speed  of  calender  is  much  more  likely  to  be  uniform,  as  in  group 
drive  the  number  of  calenders  operating  varies  the  belt  slip  and  speed  of 
line  shaft. 

g.  The  kilowatt-hours  per  unit  output  required  are  less  than  in  group 
drive. 

h.  The  power  factor  of  system  is  better  than  when  a  large  motor  drives 
group,  if  a  two-motor  drive  is  used. 

i.  That  the  above  facts  are  true  is  proved  by  figures  of  one  of  the 
largest  and  best  managed  mills  in  the  United  States  which  give  the  average 
eflficiency  of  all  motor-driven  calenders  as  35  per  cent  better  than  group- 
driven  and  of  two  of  the  most  recent  drives,  50  per  cent  better. 

Sheet  Calenders 

Use,  A  sheet  supercalender  is  used  to  give  **  loft  "-dried 
papers  their  final  finish  where  that  finish  can  be  given  by  passing 
the  paper  between  rolls,  as  contrasted  wit  i  finish  given  by  platers. 
It  is  also  used  in  certain  machine-dried  papers  to  give  the  final 
finish  after  they  have  been  cut  into  sheets. 


1912) 


MORSE:  ELECTRIC  DRIVE 


1979 


Construction,  Fig.  12  shows  motor-driven  sheet  calenders, 
taken  from  the  feeding-in  side.  The  strips  of  webbing  run  ver- 
tically in  front  of  the  calender.  These  endless  bands  run  around 
a  system  of  rollers.  There  is  a  set  of  these  bands  on  both  the 
front  and  back  of  the  calender  and  they  serve  to  take  the  sheets 
from  the  operator  feeding  in,  guide  them  through  the  rolls  and 
deliver  the  paper  after  it  has  been  calendered  to  the  "  catch  box  " 
and  to  the  operator  taking  care  of  the  finished  paper. 

The  general  mechanical  construction  of  a  sheet  calender  is 
similar  to  a  web  calender,  except  that  it  is  lighter.  The  widths 
commonly  used  are  from  26  to  48  in.  and  the  stacks  are  from 
three  to  five  rolls  high,  the  five-roll  stack  being  the  most  common. 
On  these,  as  in  web  calenders,  the  top  and  bottom  rolls  are  of 
steel  and  larger  than  the  others.  The  intermediate  rolls  may  be 
either  steel,  chilled  iron  or  fabric. 

Sheet  calenders  do  not  require  a  low  speed  for  **  threading 
in  ",  so  they  may  be  driven  direct  from  the  power  supply  to  a 
pulley  or  gear  mounted  on  the  lower  or  driving  roll. 

The  paper  is  finished  under  pressure,  which  is  applied  by  screws 
at  the  top  of  the  stack.  This  pressure  is  varied  according  to 
finish  desired  and  kind  of  paper  being  calendered. 

Power  Required.  The  power  required  by  a  sheet  calender 
varies  according  to  the  same  laws  as  were  discussed  under  web 
calenders.  The  power  required  by  a  five-roll,  36-in.  calender 
will  be  discussed,  as  this  is  the  most  common  size  in  use. 
This  calender  requires  from  2i  to  3  h.p.  to  drive  the  rolls,  without 
pressure  on  them  or  paper  going  through,  at  a  surface  speed  of 
400  feet  per  minute.  By  means  of  the  pressure  screws  this 
power  is  increased  to  9  or  12  h.p.  for  ordinary  work  and  can 
be  increased  to  as  high  as  18  or  20  h.p.  The  following  table 
shows  the  power  required  by  this  size  calender  for  various  papers: 


Paper 

Friction  h.p. 

No 

pressure 

Usual 
pressure 

Paper  h.p. 

Total  h.p. 

20  lb.  flats.  17  X  22  in 

3 

2k-'S 
2i-3 
24-3 

54 
6 
10 

9-10 
10 
10 

1                    6* 
3          ,          9 

32  lb.  flats.  17  X  28  in 

1  No.  4  bond,  24  X  32  in 

4                    14 

1  Heavy  envelope 

24  X  38  in 

1 
2i-3            lli-13 
71-10     ,     171-20 
10-14     :       20-24 

;  170  lb.  paper    30J  X  29|  in 

300  lb.  paper    31     X  26    in 

1 

1 

. 
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Pig.  13  shows  a  typical  power  cur\'e  taken  from  a  42-ia.  five- 
roll  calender  with  a  speed  of  400  feet  per  minute.  Comparing 
this  with  the  above  table  it  will  be  noted  that  the  same  paper 
takes  practically  the  same  power  whether  the  calender  is  3d-in. 
or  42-in.  width.  A  sheet  calender  should  be  run  at  the  highest 
speed  at  which  the  operator  can  feed  in  the  paper  and  not  have 
any  space  between  the  sheets.  These  spaces  are  shown  in  Fig. 
13  where  the  power  drops  to  the  friction  load.  The  size  of  sheets 
and  the  weight  of  paper  determine  the  speed  with  which  any 
given  operator  can  work,  but  this  speed  is  not  necessarily  the 
same  with  the  various  operators.  It  is  obviously  a  waste  of 
power  to  run  the  calender  too  fast  for  the  operator  and  a  waste  of 
the  operator's  time  and  of  production  to  run  the  calender  too 
slow.  This  shows  that  the  motors  driving  sheet  calenders  should 
be  adjustable-speed  and  the  range  of  speed  is  determined  by  the 


Fig.  13 


range  of  grades  of  paper  to  be  finished.  The  maximum  possible 
speed  seems  to  be  about  500  feet  per  minute  and  the  minimum 
speed  ever  necessary  is  200  to  250  feet  per  minute.  Usually 
a  range  of  about  30  per  cent  is  sufficient.  The  following  motor 
sizes  appear  to  be  about  correct  for  five-roll  calenders  at  400 
to  450  feet  per  minute  maximum  speed: 

28  in 15h.p. 

36  in 15  h.p, 

42  in 20  h.p. 

Methods  of  Drive.  With  group  drive  it  is  not  possible  to 
vary  the  speed  of  the  rolls  to  suit  the  operator  or  paper  and  the 
production  per  calender  is  less  than  it  should  be.  Direct-current 
motors  have  been  used  in  many  mills  very  successfully.  A 
commutating-pole  motor  of  approximately  700  to  800  rev.  per 
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min.  should  be  used,  direct-geared  to  the  bottom  roll.  This 
motor  should  have  a  speed  reduction  of  at  least  30  per  cent  by 
field  control,  keeping  in  mind  that  it  is  driving  a  constant  torque 
load. 

It  was  not  thought  feasible  to  use  a-c.  adjustable-speed  motors 
until  recently,  when  a  test  was  run  using  a  15-h.p.,  850-rev. 
per.  min.,  wound-rotor  type  with  a  speed  reduction  of  50  per 
cent  by  insertion  of  resistance  in  secondary.  This  test  proved 
that  excellent  results  could  be  obtained  using  such  a  motor,  and 
there  is  no  reason  for  hesitating  to  install  a-c.  adjustable-speed 
motors  on  sheet  calenders  anywhere.  The  most  satisfactory 
way  to  equip  a  group  of  sheet  calenders  with  a-c.  motors  would 
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Fig.  14 — Power  Curve  of  SS-in.  Platbr. 


be  to  drive  part  by  constant-speed  motors  and  part  by  adjustable- 
speed  motors,  as  in  every  case  the  work  could  be  so  laid  out  that 
the  constant- speed  calenders  could  be  working  at  their  best 
efficiency  and  the  special  papers  finished  on  the  adjustable- 
speed  calenders. 

Platers 
Use.  In  nearly  every  mill  making  a  high-grade  finished 
paper  there  will  be  found  a  machine  known  as  a  "plater." 
This  machine  is  used  to  put  certain  kinds  of  finish  on  the  paper 
after  it  has  been  cut  into  sheets.  Probably  the  most  common 
finish  is  the  so-called  "  linen  finish  "  which  is  found  so  often 
on  writing  papers.  This  is  obtained  by  making  a  stack  of  paper 
with   sheets   of   linen   between   the   sheets   of   paper    {at  the 
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top  and  bottom  of  this  stack  are  pieces  of  zinc)  and  passing  this 
paper  through  between  the  rolls,  under  pressure,  several  times. 
In  the  packs  the  linen  may  be  replaced  by  sheets  of  any  other 
material  which  will  impart  the  desired  finish  to  the  paper.  This 
may  be  either  some  kind  of  fabric  or  even  metal  sheets. 

Construction,  The  general  construction  of  the  plater  is  as 
follows.  The  machine  consists  primarily  of  two  steel  rolls, 
operating  under  pressure,  a  table  on  which  the  pack  is  laid,  and 
the  driving  mechanism.  The  driving  pulley  consists  of  two  tight 
and  one  loose,  as  it  is  necessary  to  reverse  the  rolls  with  each 
pass  of  the  paper.  Originally,  platers  were  constructed  with  a 
minimum  space  of  one  inch  between  the  rolls  and  an  adjustment 
of  three-quarters  of  an  inch.  With  the  increased  use  a  demand 
was  made  for  a  wider  opening  and  more  adjustment.  By  a 
careful  design  and  arrangement  of  the  gearing  it  is  now  possible 
to  obtain  an  adjustment  from  zero  to  two  inches,  or,  from  any 
desired  minimum  opening,  an  adjustment  of  two  inches. 

The  size  of  plater  in  common  use  has  two  rolls  approximately 
17  in.  in  diameter  and  a  working  length  of  40  in.  By  means  of 
weights  and  a  system  of  levers,  a  pressure  as  high  as  40  tons  is 
applied  to  the  rolls.  Platers  are  built  as  narrow  as  36  in.  and 
up  to  a  maximum  width  of  about  48  in. 

Power  Requirements.  Fig.  14  shows  a  typical  power  input 
curve  for  a  36-in.  plater.  This  is  an  ordinary  belted  plater 
and  the  motor  is  belted  to  the  countershaft.  There  is  also  a 
large  pulley  on  this  shaft  which  has  considerable  flywheel  effect 
and  helps  out  on  the  peaks  a  certain  amount.  This  plater  has 
a  pressure  of  about  40  tons,  and  a  surface  speed  on  the  rolls 
of  about  61  feet  per  minute.  It  will  be  noted  that  about  10 
amperes  or  approximately  2}  h.p.  was  required  to  drive  this 
machine  light,  but  that  it  jumped  to  80  amperes  or  approximately 
20  h.p.  at  (a)  when  the  pack  was  inserted.  It  can  be  seen  from 
the  fluctuations  about  how  many  times  the  rolls  were  reversed. 
The  pack  is  not  allowed  to  pass  entirely  out  from  between  the 
rolls  before  reversal.  At  (b)  the  pack  is  turned  around  to  make 
sure  that  the  finish  will  be  the  same  on  each  edge.  At  (r)  the 
pack  is  finished,  removed,  and  a  new  one  started  at  (d).  It 
takes  about  two  minutes  to  finish  a  pack  and  al^out  as  long  to 
change  packs.  The  average  load  while  platin<;  is  about  15  h.p. 
but  the  load  factor  on  the  motor  is  very  poor. 

In  a  group  drive  having  four  or  more  philers  it  is  safe  to  choose 
a  motor  allowinj^:  about  10  to  12  h.p.  per  machine.     U  the  platers 
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are  to  be  driven  by  individual  motors,  from  15  to  20  h.p.  should 
be  used. 

Method  of  Drive.  Nearly  all  platers  up  to  the  present  time 
have  been  driven  by  a  belt  from  a  line  shaft.  It  is  a  simple 
matter  to  use  a  motor  belted  to  this  line  shaft. 

Many  paper  makers  would  like  to  obtain  an  individual  drive 
on  their  platers.  Considerable  time  has  been  spent  in  trying 
to  obtain  a  motor  and  a  reversing  switch  which  would  stand  this 
service.  This  means  about  five  reversals  of  the  motor  a  minute 
and  in  order  to  obtain  this  number  it  would  require  a  motor  of 
small  flywheel  effect  but  large  torque.  In  order  to  obtain  quick 
reversal  it  would  be  necessary  to  **  plug  '*  the  motor;  that  is, 
apply  the  power  for  reverse  direction  before  the  motor  stopped. 
No  one  has  as  yet  had  the  courage  to  attempt  this  on  a  standard 
40-in.  plater.  There  are  three  platers  of  a  small  size  taking  paper 
pack  9  by  14  by  If  in.  with  rolls  set  at  one-inch  opening,  driven 
by  a  d-c.  5-h.p.  400-rev.  per  min.  commutating-pole  motor, 
direct-geared  and  reversing  with  each  reversal  of  the  pack. 
These  have  been  operating  several  years  with  the  best  of  results. 
It  is  reasonable  to  suppose  that  the  same  thing  could  be  done 
with  larger  motors.  The  b'g  advantage  to  be  obtained  with 
individual  drive  on  platers  is  doing  away  with  shafting  and  belts 
with  their  attendant  dirt  and  grease,  and  the  maintenance  and 
replacement  of  the  plater  belts,  which  wear  out  very  rapidly. 
It  would  also  give  a  greater  flexibility  in  the  finishing  room.  A 
group  drive  will  give  a  much  lower  first  cost,  smaller  motor, 
better  load  factor,  better  power  factor  if  alternating  current  is 
used,  and  better  efficiency  of  the  motor. 

Conclusion 

From  the  preceding  pages  it  is  quite  evident  that  increased 
quality  and  quantity  of  production  is  obtained  by  the  use  of 
electric  drive  in  the  finishing  department.  This  is  due  to  the 
fact  that  each  machine  is  operated,  and  each  kind  of  paper 
finished,  at  the  correct  speed. 


A  paper  presented  at  the  29th  Annual  Con- 
vention of  the  American  Institute  of  Electrical 
Engineers,  Boston,   Mass.,  June  28.   1912. 

Copyright.  1912.    By  A.I.E.E. 


ELECTRICITY  ON  THE  FARM 


BY  PUTNAM  A.  BATES 


Never  in  the  history  of  this  country  has  there  been  such  a  great 
arousing  of  public  opinion,  such  an  arousing  of  interest  of  the 
people  generally,  in  the  agriculture  of  the  country.  We  are  com- 
mencing to  appreciate  that  while  in  the  early  years  of  the  past 
century  two-thirds  of  our  people  were  engaged  in  the  producing 
business,  producing  food  and  clothing  for  the  people,  now  but 
one- third  are  so  engaged.  And  it  also  seems  to  be  pretty  clearly 
demonstrated  that  the  average  earning  of  the  average  farmer 
has  netted  too  small  a  return  for  his  labor.  In  many  parts  of  the 
country,  what  he  did  earn  was  earned  at  too  great  a  personal 
sacrifice — labor  for  long  hours  and  no  recreation.  Plainly  speak- 
ing, we  have  wakened  up  to  the  situation  that  though  the  yearly 
crop  figures  seem  to  indicate  an  abundance,  we  are  actually 
approaching  the  condition  where  demand  will  soon  exceed  supply, 
and  in  most  instances  the  farming  business  is  badly  out  of  gear 
and  needs  reorganizing.  It  has  fallen  to  the  lot  of  the  electrical 
engineer  to  take  a  hand  in  many  matters  of  reorganization, 
and  I  believe  agriculture  now  requires  his  attention. 

Betterment  of  the  farmers'  conditions  and  improved  efficiency 
in  all  the  operations  involved  in  his  work  is  the  cry  of  the  day. 
Bankers  and  business  men's  associations,  federal  departments, 
agricultural  colleges  and  important  engineering  organizations 
are  giving  this  feature  of  the  country's  welfare  careful  study, 
and  yet  there  is  perhaps  no  one  improvement  that  may  be 
counted  upon  to  benefit  the  farmer  so  radically  as  the  introduction 
of  electricitv  on  the  farm. 

The  electric  farm,  however,  is  not  a  new  idea,  for  several  farms 
well  worthy  of  this  name  have  been  in  successful  operation  for 
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some  ten  or  twelve  years,  and  perhaps  longer  than  this.  But 
there  has  been  very  little  organized  effort  in  disseminating  existing 
knowledge  of  the  practical  use  of  electricity  in  agriculture,  with 
the  result  that  farms  so  equipped  are  generally  regarded  with 
suspicion  and  possibly  in  the  light  of  a  hobby. 

I  shall  endeavor  to  show  that  such  a  point  of  view  may  at 
once  be  dismissed  and  we  may  look  for  a  general  use  of  electricity 
on  the  better  class  of  farms  in  this  country  before  many  more 
years  have  elapsed.  As  a  matter  of  fact,  electricity  is  now  being 
utilized  for  lighting  and  power  purposes  on  a  much  larger  number 
of  American  farms  than  perhaps  many  of  us  have  heretofore 
realized. 

Let  us  consider  for  a  moment  the  farms  of  our  great  Southwest. 
In  some  sections  of  that  wonderfully  fertile  country,  well  pro- 
tected by  the  high  mountain  ranges,  practically  every  farm  is 
an  electric  farm.  That  is  to  say,  the  buildings  are  lighted  by 
electricity  and  many  of  the  laborious  operations  are  accomplished 
by  the  use  of  electric  power.  These  really  were  our  first  electric 
farms,  the  period  of  their  establishment  corresponding  with  the 
development  of  the  water  powers  of  the  nearby  mountains. 

On  the  majority  of  these  farms  irrigation  is  practised  and 
quite  naturally  electricity  was  first  made  use  of  for  pumping 
purposes.  Then  under  the  influence  of  progressive  local  central 
station  operators,  it  was  almost  universally  adopted    for  light. 

I  can  recall  seeing  electric  lights  and  the  electric  flat  iron  in 
use  in  the  farm  homes  on  the  Pacific  coast,  eleven  years  ago. 
The  people  were  content  to  enjoy  the  advantages  which  these 
improvements  made  possible  to  them,  but  did  not  seem  to  regard 
their  conditions  as  unusual.  Their  fanns  were  in  fact  electric 
farms  and  their  industries  dependent  upon  the  produce  of  the 
land  were,  as  they  are  now,  practically  all  operated  by  electricity. 
I  refer  to  the  canneries,  fruit  packing  houses,  etc. 

The  conditions  surrounding  the  farming  districts  in  Southern 
California,  for  example,  at  that  time,  were  such  that  any  other 
form  of  energy  would  have  been  unusual  to  adopt,  a  combi- 
nation of  circumstances  being  largely  responsible  for  this  happy 
situation.  The  high-tension  transmission  service  systems  were 
then  new  and  the  companies  desired  business;  besides  this,  we 
did  not  have  the  gas  engines  we  have  today.  The  efficient  and 
reliable  gasolene  and  fuel  oil  motors  were  not  developed  until 
several  years  later.  There  was  pumping  to  do,  for  irrigation  was 
rapidly  coming  into  favor,  and,  naturally,  the  electric  companies 
secured  this  business. 
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It  is  hard  to  say  whether  the  power  plants,  supplying  service 
at  rates  within  the  reach  of  all,  made  the  irrigated  farms,  or  the 
electrical  load,  which  these  farms  offered,  insured  the  success 
of  the  power  developments.  Both  interests  seem  to  have  worked 
together  and  in  some  instances  practically  the  entire  supply  of 
the  central  station  current  was  at  once  engaged  for  lighting, 
heating  and  power  uses  on  the  farms.  This  was  the  case  ten 
years  ago  in  the  instances  I  speak  of,  and  according  to  reports  I 
have  just  received,  the  situation  has  not  materially  changed, 


Fig.  1 — Territory  Covered  by  Mt.  Whitney  Power  a  Electric 
Cos  Service,  Visalia,  Cal. — Typical  of  a  Modern  Intensive  Park- 
ing District. 


except  that  both  supply  of  and  demand  for  the  current  have 
increased. 

Such  electric  service  plants  may  be  regarded  as  "farmers'" 
central  stations  and  I  shall  commence  my  illustrations  with  a 
description  of  the  Mount  Whitney  Power  and  Electric  Company's 
service  in  the  vicinity  of  Visalia,  Cal.  This  will  serve  as  an 
illustration  of  a  plant  of  this  class. 

Description  of  the  power  station  itself  or  the  transmission 
system  is  not  necessary  as  the  plant  is  well  known,  and  possibly 
many  readers  are  familiar  vrith  its  equipment.     Fig,  1  shows  the 


IdM  BATES:  ELECTRICITY  ON  THE  FARM        (June  M 

territory  covered  by  the  service  of  this  company  and  is  typical 
of  a  modem  intensive  farming  district  where  irrigation  plays  an 
important  role. 

Some  of  the  farms  in  this  district  are  large  farms  of  several 
hundred  acres,  but  the  majority  are  small  truck  and  fruit  farms, 
ranging  from  10  to  40  acres,  an  average  of  about  20  acres  to 
each  person,  the  total  number  of  acres  irrigated  by  electric 
power  from  the  Mt.  Whitney  plant  approximating  25,000,  and 
representing  about  6000  horse  power  in  electric  motors. 

Fig.  2  shows  a  characteristic  pumping  installation  employed 
on  the  irrigation  farms  in  this  district.  It  is  interesting  to  note 
that  on  this  800-acre  farm  the  electric  service  lines  have  been 
carried  to  several  widely  separated  points,  serving  ptmiping 
motors  in  some  cases  of  no  greater  capacity  than  five  horse 
power.  In  fact,  the  loads  these  western  central  stations  cater 
to,  oftentimes,  are  of  surprisingly  small  amount  and  quite  dis- 
tributed. 

In  the  Exeter  district,  where  this  800-acre  farm  is  located, 
there  are  32  plunger  pumps  aggregating  96  h.p.,  and  16  centri- 
fugal ptmips  aggregating  125  J  h.p.  And  in  the  Lindsay  district, 
comprising  about  25  square  miles,  there  are  in  operation  217 
pimiping  plants  with  a  total  connected  horse  power  of  1794,  of 
which  113  were  plunger  pumps  (1100  h.p.)  and  104  centrifugal 
pumps  (694  h.p.)  The  total  pumping  load  connected  to  the 
company's  system  is  374  plunger  pumps  (2385  h.p.),  and  256 
centrifugal  pumps  (2471  h.p.),  or  a  total  of  630  pumping  plants 
with  4856  h.p.,  being  on  the  average  7.7  h.p.  for  each  pumping 
plant. 

The  irrigation  pumping  season  in  California  is  from  five  to  six 
months  at  24  hours  per  day.  Contracts  are  on  a  basis  of  $50.00 
per  annum  per  horse  power;  the  customer  installing  and  main- 
taining at  his  own  cost  the  motors,  transformers,  pumps,  housings 
and  all  other  appliances.  He  agrees  to  pay  each  year  the  sum  of 
$50.00  for  each  horse  power  furnished  him  at  time  of  his  max- 
imimi  consumption  during  the  year.  He  further  agrees  that  the 
amount  of  power  to  be  paid  for  at  that  rate  shall  not  be  less  than 
75  per  cent  of  the  rated  horse  power  of  the  motor.  Motors  of 
less  than  five  h.p.  are  paid  for  at  $50.00  per  year  for  the  rated 
horse  power  of  the  motor,  instead  of  75  per  cent  thereof. 

In  very  few  cases  only,  power  is  sold  between  the  hours  of 
sunrise  and  sunset  at  $30.00  per  h.p.  per  annum,  the  company 
not  having  much  power  to  sell  at  this  rate  as.  during  the  irrigation 
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season,  the  irrigators  want  to  operate  day  and  night.  However, 
small  power  applications  are  taken  care  of  in  this  way,  consisting 
chiefly  of  cream  separators,  chums,  grindstones,  wood  saws, 
heating  flat  irons,  washing  machines,  fans  and  other  domestic 
items. 

There  is  also  a  partial  meter  rate  contract  which  is  used 
principally  by  growers  of  acidulous  fruits  and  alfalfa,  the  es- 
sential points  of  which  are  as  follows: 

Current  is  furnished  during  the  six  months,  February  1st  to 
August  1st,  at  $25.00  for  each  horse  power  based  on  maximum 
demand,  while  for  current  furnished  during  the  remaining  months 
of  the  year,  the  rate  is  three  cents  per  kilowatt-hour,  it  being 
agreed  that  the  maximum  amount  of  power  to  be  used  during 
the  meter  period  will  be  equivalent  to  at  least  $6.00  per  month 
horse  power  per  of  motor  rating. 

The  straight  motor  rate  is  used  for  development  work,  grading 
from  five  cents  for  the  first  26  kilowatt-hours  per  month  (ad- 
ditions depending  on  size  of  the  motor  and  the  months),  usually 
ranging  around  one  and  three-fourths  cents  to  two  cents  per  kilo- 
watt-hour per  month.  Most  of  the  irrigating  power,  however, 
is  sold  on  the  $50.00  flat  rate. 

The  farms  served  by  the  Mt.  Whitney  system  may  be  termed 
electrically  irrigated  farms,  as  in  all  cases  the  farmer  operates 
his  irrigation  pumps  by  electricity.  The  details  of  this  class 
of  business,  it  will  be  seen,  are  well  established.  Electric  com- 
panies in  other  sections  have  also  built  up  businesses  of  this  kind 
and  in  doing  so  have  followed  the  same  lines  or  a  modification 
of  them. 

Another  hydroelectric  development  and  distribution  system 
where  irrigation  pumping  forms  an  important  portion  of  the 
total  load  is  that  of  the  Pacific  Power  and  Light  Company. 

The  lines  of  this  company  traverse  a  fertile  farming  district 
lying  in  the  southeastern  comer  of  the  State  of  Washington, 
just  east  of  the  Cascade  Mountains.  Several  power  develop- 
ments are  connected  together  making  a  complete  distribution 
system,  serving  a  total  population  of  101,900,  including  39 
towns,  having  an  average  population  of  2500.  In  addition  to 
the  towns,  the  population  of  the  rural  communities  is  5000. 

There  are  300  miles  of  primary  lines  at  66,000  volts,  with 
500  miles  of  6600-volt  secondary. 

All  of  the  plants  making  up  this  company's  system  are  illus- 
trations of  a  generating  station  designed  to  meet  the  lighting 
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and  power  demands  of  a  growing  farming  community.  Pig.  3 
shows  the  territory  served. 

It  will  be  seen  from  this  map  that  the  power  plant  at  Naches 
is  close  to  the  mountain  range  and  Pigs.  4  to  8  show  the  evolution 
from  the  snow-capped  mountains  to  the  power  station  where  the 
enei^  of  the  falling  waters  is  utilized  first  for  generating  elec- 
tricity and  then  allowed  to  pass  on,  to  be  used  again  for  irrigation. 

These  illustrations  require  very  little  description,  for  the  de- 
velopment shown  is  complete.  It  is  a  beautiful  illustration  of 
the  combination  of  the  works  of  God  and  man.  The  magnifi- 
cent orchards  and  gardens  which  have  thus  been  made  possible 
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on  the  waste  places  of  the  carih  are  wonderful  accomplishments 
of  which  we  may  well  be  proud.  There  can  be  no  greater  work 
for  us  all  in  this  day  of  agricultural  investigation,  than  to  advance 
in  all  parts  of  our  land  the  utilization  of  oiir  resources  as  exem- 
plified by  these  illustrations. 

Pigs.  9  and  10  show  further  developments  in  electric  power 
transmission,  and  Fit;.  H  shows  the  acres  of  garden  truck  and 
the  bountiful  crops  of  hay  or  grain  that  result  from  the  scien- 
tific application  of  water  to  the  fertile  soil. 

During  the  early  part  of  the  history  of  American  farming 
there  was  too  much  extensive  husbandry  and  not  enough  in- 
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tensive  fanning.  Land  was  abundant  and  cheap,  and  much  of 
it  drained  itself.  The  pioneer,  believing  the  supply  of  land  in- 
exhaustible, selected  a  patch,  killed  ofif  the  trees,  cultivated  it 
until  the  fertility  of  the  soil  was  exhausted,  and  then  moved  to 
another  location.  In  this  way,  the  increase  in  population  being 
enormous,  great  and  rapid  inroads  were  made  on  the  cotmtry's 
natural  resources  of  soil.  In  time,  all  the  naturally  drained  and 
naturally  watered  lands  became  absorbed,  and  a  great  deal  of 
it  exhausted,  temporarily  at  least. 

The  reclamation  of  our  western  desert  and  prairie  land  along 
most  approved  scientific  lines  is  an  object  lesson  to  us  all.  Those 
lands  are  now  rapidly  being  taken  up  and  have  become  very 
valuable,  and  fertile,  low- cost  farms  by  the  tens  of  thousands 
are  needed. 

We  have  learned  from  these  western  developments  that  for 
proper  crop  culture  all  lands  must  be  drained  and  all  crops  need 
water.  And  it  is  not  sufficient  to  have  a  deluge  of  water  from 
time  to  time,  but  water  must  be  applied  in  such  manner  as  to 
provide  the  food  necessary  to  plant  life,  in  order  that  development 
may  be  greatest  at  certain  stages  of  its  growth.  This  is  especially 
interesting,  in  that  it  is*  a  claim  for  the  merits  of  irrigation,  not 
only  in  the  arid  country,  but  also  in  sections  where  there  may  be 
an  abundant  rainfall. 

Mr.  C.  J.  Blanchard,  statistician  of  the  U.  S.  Reclamation 
Service, in  a  lecture  on  "Making  the  Wilderness  Blossom,*'* 
states  that  the  desert  of  our  old  geographies  has  no  place  on  the 
map.  The  magic  of  irrigation  has  transformed  valleys  long 
vacant  into  prosperous  agricultural  communities. 

A  brief  summation  of  the  work  accomplished  shows  that  con- 
struction is  under  way  or  has  been  completed  on  29  projects 
involving  an  expenditure  of  $65,470,000.  In  the  eight  years 
of  actual  work  there  have  been  dug  7000  miles  of  canals  and  more 
than  19  miles  of  tunnels,  mostly  excavated  through  mountains. 
The  total  excavation  of  rock  and  earth  amounts  to  77,200,000 
cubic  yards.  There  have  been  built  570  miles  of  roads,  1700 
miles  of  telephones,  and  there  are  now  in  operation  275  miles 
of  transmission  lines  over  which  surplus  power  and  light  are 
furnished  to  several  cities  and  towns.  The  small  farms  and  vil- 
lages grou]:)ed  about  these  developments  give  the  effect  of  sub- 
urban rather  than  rural  conditions.  The  cheap  power  developed 
from  the  great  dams  or  from  numerous  drops  in  the  main  canals 

*  Proceedings  y  19th  National  Irrigation  Congress. 
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is  now  utilized  for  the  operation  of  trolley  lines  which  reach  out 
into  the  rural  districts,  bringing  the  farmer  in  close  touch  with 
the  city.  It  runs  numerous  industrial  plants,  for  storing,  hand- 
ling and  manufacturing  the  raw  products  of  the  farm.  The 
same  power  is  used  for  lighting  and  heating  in  the  towns  and 
for  cooking  in  the  homes.  On  several  of  the  projects  the  fanners 
are  applying  for  electric  power  and  in  many  farm  houses  electric 
power  is  utilized  for  many  domestic  duties. 

More  than  a  million  dollars  has  been  invested  in  the  develop- 
ment of  power  on  the  Salt  River  project,  of  which  the  farmers 
have  voluntarily  raised  $800,000.  The  sale  of  power  up  to  the 
beginning  of  the  present  year  amounted  to  $144,000  with  the 
plant  only  partially  constructed.  This  revenue  will  contribute 
materially  towards  lesseninjj;  the  cost  of  operating  the  irri- 
gation system. 

Thus  it  may  be  seen  that  scientific  agriculture,  irrigation  and 
electricity  have  formed  a  powerful  combination.  The  nattu^l 
waters  are  played  with  at  will,  sometimes  passing  directly  to 
the  land,  but  more  often  the  turbulent  mountain  streams  are 
carried  for  miles  in  flumes  or  canals,  only  to  give  up  energy  at 
several  points  on  the  way,  and  ultimately  to  irrigate  the  land 
by  gravity,  or  pumping,  as  the  conditions  may  require. 

Another  method  is  to  drain  the  marsh  land  and  pump  the 
water  thus  available  on  to  the  higher  places  adjoining.  Suitable 
crops  are  then  grown  on  land  of  any  level  with  the  result  that 
the  area  for  production  is  materially  increased. 

In  many  of  oiu*  states,  both  East  and  West,  there  is  a  well 
established  underflow  of  water  which  can  be  made  available 
through  pumping.  In  the  sections  where  irrigation  methods 
obtain,  water  ditches  conveying  this  well  water  to  various  por- 
tions of  the  farmer's  land  are  often  carried  to  the  next  man's 
land,  the  compensation  thus  derived  diminishing  the  pumping 
cost. 

All  through  our  Western  and  Southwestern  country  are  to  be 
found  examples  of  well  installations  where  electric  power  has 
replaced  steam  or  gasolene  engines,  for  it  becomes  economy 
to  do  this  under  the  favorable  rate  charged  by  the  electric  gener- 
ating stations  there. 

The  San  Joaquin  Light  and  Power  Corporation  of  Fresno, 
California,  supplies  electric  service  to  seven  counties  in  one  of  the 
most  fertile  farming  sections  of  the  country,  the  actual  area 
being  more  than  200  miles  long  and  75  or  80  miles  wide.     This, 


y/C,    7~p,pE    LiSES    FROM    CaNAL    TO    N  ATCHES   PONVEU    Wwsv      \«-"-^ 


Fig.  8 — Natches  Power  House.  IhaimI 

Fig,  9— Power  Transuission  Line.  |b*t«»I 


Fig.  10 — An  Irrigation  Companv's  Pumping  Plant  on      I"*'»«I 
THE  Columbia  Riveb. 
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Fig.  17 — Direct-Connected  Motor-Dbiven  Butter  Worker. 
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Fig.  19 — 2J-H.P.    Moros   Beltbd  to  Ammonia  Compressor  i. 
CooitKG  Storage  Refrigekator,  Milk  Cooler  and  Ice-Making  Set. 
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FiG.   24— Spinning  on  Tinfoil    Caps  on  Bottles  of  High  Quality 
Milk.     These  Caps  cannot  be  Removed  and  then  Replaced. 
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Fig.    26 — Watertight    Tele-  F'g    -8 — Portable  Telephone 
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Fig.  30 — The  Dynamo  has  a  Capacitv  of  0.21  kw.         (batis) 

s  set  on  the  sfi-jnH  flior  of  the  mill,  and  is  driven  by  a  quarler-tunwd  belt  from  i 
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therefore,  is  a  very  important  district,  and  information  regarding 
its  growth  and  present  conditions  cannot  help  but  be  of  value. 
Mr.  A.  G.  Wishon,  general  manager  of  the  company,  reports 
as  follows: 

We  are  now  serving  140  pumping  plants  in  our  territory,  which  are 
used  for  the  development  of  water  for  irrigation  purposes.  We  wish  to 
mention  particularly  a  number  of  plants  that  we  are  operating  for  a  water 
company  located  at  Alpaugh,  Tulare  County,  California.  This  proposition 
is  somewhat  unique.  About  twelve  miles  from  a  colony  of  8000  acres, 
planted  to  alfalfa  and  various  other  farm  products,  are  located  seven 
artesian  wells  that  are  about  1000  ft.  deep.  These  wells  were  flowing 
artesian  wells,  the  capacity  of  which  was  about  60  in.  per  minute,  per  well. 
This  water  company  made  a  contract  with  us  to  extend  our  transmission 
line  to  this  nest  of  wells,  which  are  located  on  a  tract  of  about  10  or  15 
acres,  for  the  purpose  of  serving  electricity  to  operate  electric  motors. 
There  were  seven  20- h. p.  motors  installed  at  seven  different  wells,  belt- 
connected  to  8-in.  pumps.  These  pumps  are  located  at  the  surface  of 
the  ground,  with  a  30-ft.  suction  pipe;  each  pumping  plant  is  delivering 
about  1500  gallons  of  water  per  minute,  with  about  20  h.p. 

They  are  paying  us  $50  per  h.p.  per  year  for  continuous  service,  the 
motors  being  operated  almost  continually  throughout  the  entire  year. 
The  water  discharged  flows  into  a  main  canal  which  extends  to  the  colony 
twelve  (12)  miles  away,  and  at  a  point  near  the  edge  of  the  colony,  this 
entire  body  of  water  is  raised  about  6  ft.  with  a  50-h.p.  motor  and  dis- 
tributed over  a  tract  of  8000  acres.  They  are  also  paying  us  the  same 
price  per  h.p.  per  year  for  the  50-h.p.  motor.  The  cost,  therefore,  for 
irrigation  is  about  $1.25  per  acre,  which  is  a  very  reasonable  charge  for 
water  service  throughout  the  entire  year.  These  people  are  raising  10 
or  12  tons  of  alfalfa  per  year,  per  acre,  and  in  some  instances  the  onion 
growers  will  clear  $500  per  acre. 

Irrigation  is  the  key  which  unlocks  the  fertility  of  the  soil, 
and  to  comprehend  its  importance  in  agriculttu^,  one  must 
appreciate  the  fundamental  principles  governing  plant  growth 
and  soil  culture. 

Rain  may  or  may  not  come  when  it  is  needed  most,  and  again, 
it  may  pour  forth  even  in  destructive  quantities,  but  water  tmder 
a  well-managed  irrigation  system  is  turned  on  when  and  where 
required.  This  makes  farming  in  so-called  arid  land  a  more 
definite  and  scientific  proposition  than  it  is  in  parts  of  the  country 
apparently^more  favored  by  nature.  When  we  have  so  arranged 
our  soil  conditions  that  water  may  be  drained  oflE  the  land  as 
positively  as  it  is  applied,  the  application  of  irrigation  methods 
is  beneficial,  no  matter  what  may  be  the  natural  conditions 
of  rainfall. 

Pump  irrigation  results  in  intensive  farming.  And  this  is 
the  direction  in  which   our   agriculture  is   moving.      It  may 
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also  be  added  that  the  power  required  for  pumping  has  proved 
to  be  the  opening  wedge  in  introducing  the  use  of  electricity 
in  the  majority  of  those  farming  districts  where  dependence 
upon  this  form  of  energy  has  become  established.  The  most 
scientific  farming  can  be  done  only  by  pump  irrigation  where 
the  work  can  be  arranged  and  the  farm  run  just  as  systematically 
as  some  of  the  big  manufacturing  and  commercial  undertakings. 

Regarding  irrigation  in  humid  districts,  Mr.  Milo  B.  Williams,* 
Irrigation  Engineer  of  the  U.  S.  Department  of  Agriculture, 
states  that  it  is  the  distribution  of  rainfall  with  respect  to  need  of 
different  crops  which  determines  the  necessity  for  irrigation  in  a 
locality.  Drought  records  for  several  years  past  have  led  the 
National  Department  of  Agriculture  to  encourage  supplemental 
irrigation  in  the  humid  regions  as  a  vital  factor  in  crop  insurance. 

The  most  humid  portion  of  the  agricultural  East  is  subject  to 
the  greatest  irregularity  of  rainfall.  This  refers  to  the  southern 
states  bordering  on  the  Gulf  of  Mexico  and  the  Atlantic  Ocean. 
Here  the  normal  annual  precipitation  ranges  from  45  to  55 
inches  and  yet  these  states  are  subject  to  droughts  lasting  from 
20  to  60  days  or  more  during  the  growing  season.  Irrigation 
in  various  parts  of  Alabama,  Georgia  and  Florida,  has  resulted 
in  producing  very  profitable  crops  on  land  which  has  heretofore 
failed  to  yield  sufficient  returns  to  pay  for  cultivation.  Irri- 
gation will  do  for  the  South  what  it  has  done  for  the  West.  It 
will  insure  results  to  the  small  farmer.  The  coming  of  the  small 
farmer  to  the  South  will  cause  the  passing  away  of  ruined  plan- 
tations, as  his  going  to  the  West  has  caused  the  passing  away  of 
great  deserts  and  wasteful  wheat  ranches. 

The  South  today  represents  one  of  the  largest  areas  of  dormant 
latent  agricultural  possibilities  in  this  nation  and  when  drainage 
of  the  low  lands  is  coupled  with  the  general  practise  of  irrigation 
throughout  our  South  and  our  East,  much  in  the  same  way  that 
water  distribution  has  been  conquered  in  our  West,  we  will 
have  added  many  millions  of  acres  to  the  productive  area  of 
this  great  country. 

These  are  great  problems  and  i)romisc  an  immense  work  for 
years  to  come,  but  the  beneficial  results  will  outweigh  many 
times  the  cost  and  labor  that  will  be  necessary  to  bring  them  about. 
At  present,  an  abnormal  condition  exists  just  as  it  did  in  the 
arid  sections  before  irrigation  was  practised,  and  it  is  the  writer's 
opinion  that  the  reclamation  of  the  worn-out  farms  and  the  barren 

*  Proceedings  J  19th  National  Irrigation  Congress. 
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lands  of  the  Atlantic  Slope  presents  agricultural  opportunities 
unsurpassed  at  this  time  by  any  section. 

In  the  drainage  of  water-soaked  lands,  as  in  irrigation,  electric 
power  may  be  used  for  short  lift  pumping.  And  as  an  indication 
of  the  magnitude  of  the  work  ahead  of  us  in  this  field  alone,  it 
is  sufficient  to  quote  from  the  statistical  records  of  the  United 
States  of  1910  issued  by  the  Department  of  Commerce  and  Labor, 
which  place  the  total  swamp  area  and  overflowed  lands  at  a 
total  of  approximately  75,000,000  acres. 

In  their  present  condition,  the  swamps  of  the  country  are  a 
source  of  weakness  in  our  national  economy.  They  are  unpro- 
ductive, but  they  can  be  made  sources  of  great  national  wealth. 

The  policy  of  maintaining  our  agricultural  lands  in  vast  areas 
and  thus,  through  what  has  been  termed  **  extensive  husbandry," 
failing  to  utilize  to  the  utmost  every  acre  of  fertile  soil,  is  rapidly 
falling  into  disfavor.  And  we  are,  on  the  other  hand,  moving 
toward  an  increased  number  of  farm  homes  with  more  intensive 
methods  of  development.  This  change  is  going  on  all  over  our 
land.  In  the  West,  the  old  cattle  ranges  are  passing  away, 
merely  to  be  replaced  by  irrigated  farms,  where  diversified 
methods  are  practised. 

The  stock  feeder  of  today  makes  his  money  on  the  weight  o, 
the  stock  when  purchased,  the  practise  being  to  buy  in  the  fallf 
feed  through  the  winter  and  sell  in  the  spring.  Such  increased 
weight  as  live  stock  make  in  that  period,  however,  is  not  suffi- 
cient to  pay  for  its  portion  of  the  feed  given.  Profit,  therefore, 
conies  through  improved  condition  of  the  meat,  and  the  differ- 
ence between  fall  and  spring  values.  The  successful  feeder 
aims  for  an  increase  of  about  100  per  cent. 

To  accomplish  this,  care  must  be  exercised  in  feeding.  The 
coarse  and  unbalanced  rations  which  cattle  had  to  depend  upon 
on  the  ranges,  proved  anything  but  beneficial  to  them,  particu- 
larly, out  of  the  growing  seasons.  The  method  today  is  to  use 
grains  with  the  roughage,  and  to  grind  the  grains  and  cut  the 
roiijj^hage.  For  this  the  farmer  must  have  power — in  fact  to 
niccl  com])etiti()n  the  farmer  must  economize  on  his  feeding, 
that  is,  lie  must  work  for  the  best  results  \v\th  the  least  expendi- 
ture for  feed — power  for  cutting  and  grinding  is  now  a  necessity 
on  every  stock  farm  of  any  appreciable  size,  for  with  feed  so 
prej^ared,  there  is  better  assimilation  and  less  waste. 

Of  late  years,  an  enormous  impetus  has  been  given  to  alfalfa 
grinding  and  com  cutting  for  ensilage.     Feeders  have  found  that 
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by  following  this  method  the  cost  of  the  apparatus  and  the  power 
for  driving  it  is  more  than  saved  in  a  single  season  over  the 
old  method  which  involved  waste  through  stock  trampling  their 
fodder  under  their  feet.  Further,  by  grinding  and  mixing  the 
feed,  any  ration  desired  may  be  prepared. 

One  of  our  largest  farming  industries  is  that  of  stock  "  feeding," 
and  in  so  far  as  the  need  for  power  is  concerned,  stock  "  raising  ** 
farms  may  be  regarded  as  in  the  same  class,  balanced  rations  for 
young  stock  being  perhaps  even  more  important  than  for 
"  feeders." 
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Fig.  12 — Dimension  Plan  showing  Power  House  and  Arrangement 
OF  Buildings  on  Dairy  Farm  at  Plainsboro,  N.  J. 


On  all  such  farms  there  is  considerable  demand  for  power, 
ranging  in  most  cases  from  25  to  50  h.p.  and  sometimes  consider- 
ably more.  Besides  the  power  necessary  on  the  individual 
farms,  there  are  in  all  farming  districts  industries  that  convert 
the  farm  produce  into  finished  products. 

Electricity  is  gaining  a  foothold  for  both  lighting  and  power 
in  our  better  class  of  dairy  farms.  Its  great  cleanliness  and  safety 
for  lighting  leave  little  room  for  argument  when  new  dairy  build- 
ings are  being  planned.  And  on  account  of  its  convenience 
as  a  form  of  power,  it  is  frequently  used  with  cream  separators, 
chums,  refrigerating  machines,  milk  testers,  also  in  the  bam 
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or  field  work  incidental  to  the  preparation  of  feed  and  handling 
of   crops. 

Fig.  12  shows  a  large  milk  farm  at  Plainsboro,  New  Jersey, 
where  electricity  is  used  for  lighting,  clipping  cows,  operating 
a  bottling  machine,  spinning  on  tinfoil  caps  or  seals  on  bottles, 
cutting  ensilage,  running  a  saw  mill,  pumping  water  from  a  deep 
well,  grinding  feed  and  elevating  it  to  storage  bins. 

The  fact  that  this  is  a  commercial  plant  turning  out  daily 
from  3500  to  4000  quarts  of  milk,  where  a  high  standard  of 
quality  is  rigidly  maintained,  is  evidence  that  there  must  be 
advantages  in  using  electricity  in  such  an  installation. 

The  total  acreage  of  the  farm  is  nearly  1200,  and  at  present 
about  70  per  cent  is  under  cultivation.  Electricity  is  generated 
by  steam  power  and  distributed  at  220  volts.  The  generating 
equipment,  at  present,  consists  of  one  25-kw.  direct-connected 
unit,  steam  boiler,  etc. 

This  is  not  a  large  generating  plant,  to  be  sure,  but  it  insures 
cleanliness  of  lighting  equipment  and  safety  from  fire  risk  in 
the  bams,  bunk  houses  and  outbuildings.  It  also  makes  pos- 
sible a  convenient  source  of  power  in  any  part  of  the  farms  or 
outbuildings,  which,  of  necessity,  are  widely  distributed,  and 
cost  of  generating  the  current,  including  interest  and  depreciation 
charges,  is  probably  not  over  4  cents  per  kilowatt-hour. 

Scientific  milk  production  is  more  and  more  coming  into 
prominence  and  the  necessity  for  perfect  cleanliness,  immediate 
cooling  and  keeping  the  milk  at  a  low  temperature,  compels 
such  dairy  farmers  to  adopt  devices  that  will  be  most  helpful 
in   obtaining  these  results. 

Fig.  13  shows  the  bottling  room  at  a  milk  dairy  in  Morristown, 
New  Jersey,  where  the  walls,  ceilings  and  floors  of  all  rooms  in 
\^;Jiich  the  milk  is  handled  are  washed  down  daily,  both  morning 
and  evening — the  electric  lighting  fixtures  being  entirely  water- 
tight. 

"  Dairying  '*  and  *'  stock  raising  '*  are  usually  followed  where 
land  needs  upbuilding  in  fertility,  and  in  either  the  silo,  is  a 
necessity,  cutting  up  succulent  forage  crops  and  storing  them  in 
the  silo  for  later  use  being  the  accepted  method  of  preparing 
the  feed.  To  do  this  the  farmer  must  have  power,  but  a  10-h.p. 
electric  motor  with  its  capacity  for  momentary  overload  will  do 
work  that  would  stall  a  gasolene  engine  rated  at  12  or  15  h.p. 
Hence,  for  silage  cutting  and  elevating,  a  10-h.p.  electric  motor 
is  sufficient  where  a  20-h.p.  gasolene  engine  would  be  recom- 
mended. 
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The  izrmta  can  easily  recognize  the  advantage  of  the  electric 
motor  for  this  operation,  and  when  ooxx  adopted,  he  sooo  wants 
to  use  the  current  for  grinding  feed,  baling  hay  and  other  par- 


On  the  dairy  farm,  however,  electricity  o^ers  other  oppor- 
ttmities,  as  it  is  the  most  convenient  form  of  ener^gy  for  operating 
an  artificial  refrigeration  plant,  the  cream  separator,  diam  and 
batter  worker.  The  reason  for  this  rests  in  the  ease  of  control* 
making  for  economy.  The  ctirrent  is  used  only  while  the  ap- 
paratus driven  is  in  operation  and  may  be  shut  off  when  the  work 
is  done.  Xo  skill  whate^-er  is  required  to  operate  such  equip- 
ments, it  being  necessar>'  only  to  turn  a  switch. 

Cream  separators,  while  often  turned  by  hand  on  small 
dair>'  farms,  are  more  frequently  driven  mechanically  where 
considerable  cream  is  handled.  Fig.  14  shows  the  use  of  the 
electric  motor  for  separator  dri\-ing  where  perfect  cleanliness 
is  a  factor.  Cream  separators,  except  in  the  ver\-  large  sizes, 
require  not  more  than  a  1  /5-h.p.  motor  and  they  are  in  operation 
only  for  a  comparatively  short  time.  The  operating  cost,  there- 
fore, is  practically  negligible. 

Figs.  15, 16  and  17  show  a  complete  creamer>'  outfit  of  excel- 
lent type,  each  piece  of  apparatus  being  driven  by  an  individual 
motor.  The  power  required  for  the  various  branches  of  cream- 
ery work  is  small,  convenience  and  freedom  from  dust  being  the 
all-important  factors. 

In  large  dairies  where  hand  milkers  are  difficult  to  obtain, 
the  milking  machine  has  a  place  and  the  records  seem  to  show 
that  these  devices  are  favorably  received  in  some  of  our  western 
dair>'  sections,  at  least.  Those  that  the  writer  is  familiar  with . 
which  have  been  commercially  used  in  this  count r\-,  consist  prin- 
cipally of  a  vacuum  ptunp,  milk  chamber  with  specially  con- 
structed adm'ssion  valves,  rubber  connecting  tubes  and  special 
type  of  cups  which  fit  directly  on  the  cow's  teats,  a  con- 
venient method  of  driving  the  vacuum  pump  being  by  the  electric 
motor.     These  equipments  are  often  called  *'  electric  milkers.'' 

The  only  *'  electric  milker  "  really  deserving  the  name  that 
has  come  to  the  writer's  attention  is  shown  in  Fig.  18. 

This  device  is  so  designed  that  an  electric  motor  of  about  1/12- 
h.p.  forms  an  integral  part  of  the  apparatus  that  does  the  milking, 
the  whole  machine  being  suspended  under  the  belly  of  the 
cow.  Through  a  worm  and  gear  the  motor  moves  an  aluminum 
rod   forward  and  backward,  which  carries  the  pressure  plates, 
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and  the  teats,  being  held  in  a  fixed  position  by  a  corresponding 
set  of  stationary  plates,  are  thus  squeezed  as  in  hand  milking. 

It  is  an  ingenious  device,  free  from  springs,  tubes  or  other 
parts  which  might  get  out  of  order,  and  being  of  aluminum  it  is 
very  light  in  weight.  All  of  the  details  of  design  have  been 
carefully  developed,  and  as  a  machine  milker,  it  is  deserving  of 
careful  consideration. 

As  all  dairymen  know,  refrigeration  is  an  essential  that  they 
cannot  do  without.  In  many  plants  natural  ice  is  still  used,  but 
the  cost  of  harvesting,  storing  and  handling  ice  is  far  greater 
than  the  operation  of  a  power-driven  refrigerating  machine. 

Artificial  refrigeration  is  more  sanitary  and  far  more  con- 
venient. Figs.  19  and  20  show  a  refrigerating  equipment 
which  was  recently  installed  in  the  dairy  department  at  the 
College  Farm  of  the  New  Jersey  State  College  of  Agriculture, 
New  Brunswick,  N.  J. 

In  this, refrigerator  is  the  usual  brine  tank  through  which  the 
ammonia  coils  pass.  The  cooling  of  the  brine  and  of  the  refriger- 
ator entirely  takes  the  place  of  ice.  In  other  words,  it  is  not 
a  combination  refrigerator,  but  is  cooled  by  the  ammonia 
pumped  by  an  electric  motor.  The  same  pump  and  motor  con- 
ducts ammonia  through  the  inner  compartment  of  the  milk 
cooler  and  aerator  shown  in  Fig.  20. 

The  motor  is  set  running  just  before  the  milk  is  started  to  flow- 
ing over  the  cooler  and  aerator.  The  milk  by  passing  over  it  is 
cooled  and  aerated,  and  run  into  the  bottler  just  below.  As 
soon  as  the  milk  has  all  passed  over,  the  motor  is  turned  oflf; 
thus  the  power  used  is  a  minimum. 

Some  dairies  without  this  equipment,  resort  to  pumping  of  ice- 
water  through  the  cooler.  This,  of  course,  can  be  done  with  the 
electric  motor  or  any  other  power  and  even  by  gravity.  This 
last  method  is  most  common,  but  in  warm  weather  it  does  not 
cool  the  milk  sufficiently.  The  cooling  which  the  electric 
ammonia  system  provides  makes  it  possible  to  almost  freeze  the 
milk,  and  thus  keep  down  the  bacteria  content  by  reducing  the 
natural  multiplication  of  these  organisms. 

Small  refrigerators  are  beneficial  on  all  farms  for  storage  of 
eggs,  dressed  poultry  and  for  preserving  the  freshness  of  flowers, 
fruit  or  garden  truck  that  cannot  be  immediately  sent  to  market. 
They  are  also  useful  for  keeping  meats  and  other  perishable  sup- 
plies for  home  consumption. 

Figs.  21  and  22  show  an   ice-carrying   machine  operated  by 
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electricity  on  the  farm  of  Dr.  Schuyler  S.  Wheeler,  who  states: 
"  The  outfit  was  eminently  practical  and  satisfactory  in  every 
way  and  enabled  me  to  fill  my  house  with  about  200  tons  of  ice, 
using  five  men  and  no  teams,  in  four  days.  Previously  it  has 
been  the  custom  to  employ  four  to  six  teams,  four  to  five  dajrs  in 
addition  to  these  men/*  When  the  bridge  was  fully  elevated, 
2.5  h.p.  was  required,  current  for  which  was  supplied  from  the 
private  generating  plant,  ordinarily  used  for  lighting  and  small 
power  devices. 

Individual  uses  for  electric  power  on  the  farm  seem  to  be 
almost  without  end.  Fig.  23  shows  the  method  of  electric  clip- 
ping employed  in  the  dairy  bams  of  a  milk  farm,  and  cow  groom- 
ing is  accomplished  in  similar  manner.  When  milk  of  the  high- 
est quality  is  to  be  produced,  the  farmer  must  put  his  stock 
through  a  careful  preparation  for  cleanliness,  and  it  has  been  de- 
termined at  several  experiment  stations,  as  well  as  in  practical 
commercial  dairies,  that  it  pays  to  groom  cows  daily,  owing  to 
the  greater  production  of  milk  thus  obtained.  In  some  cases 
this  practise  has  resulted  in  an  average  increased  output  per 
cow  of  15  per  cent,  which  of  course,  even  at  a  low  value  of 
milk,  would  pay  for  the  electric  current,  man's  time,  etc.  Figs. 
25  and  26  illustrate  other  applications  of  electric  power  which  are 
in  successful  use  at  this  same  farm.  It  can  be  said  of  this  plant 
that  everything  that  makes  for  quality  and  efficiency  has  been 
employed,  but  nothing  that  would  suggest  an  over-capitaliza- 
tion of  equipment. 

In  all  farming  one  realizes  that  the  time  incidental  to  covering 
distance  is  one  of  the  greatest  handicaps  to  rapid  production 
and  the  accomplishment  of  quick  results.  The  force  of  this 
statement  is  hard  to  realize  until  one  has  actually  observed  the 
distance  a  farmer  and  his  men  will  travel  in  a  day  by  team  or  on 
foot  in  going  to  and  from  their  work,  the  house  or  bam  buildings. 
Perhaps  the  farmer  will  desire  merely  to  speak  to  his  assistants 
about  their  work,  but,  nevertheless,  he  must  travel  the  interven- 
ing distance,  as,  generally,  no  other  means  of  communication  is 
available  to  him. 

In  the  western  farm  life,  this  is  not  so  frequently  the  case,  as 
the  telephone  has  been  used  there  for  several  years,  but  in  the 
East,  strange  as  it  may  seem,  the  telephone  is  only  rarely  found 
in  the  farming  home  and  in  the  fields. 

Some  time  ago,  one  of  the  electrical  manufacturing  companies 
designed  a  water-tight  telephone,  Fig.  27,  for  mine,  police  and 
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railway  service  or  other  exposed  use.  The  case  is  cast  of  heavy 
malleable  iron,  so  shaped  as  to  permit  of  attachment  to  a  pole, 
post  or  side  of  building.  The  door  closes  against  a  rubber  gasket, 
and  when  closed,  the  case  is  water-tight. 

This  form  of  local  telephone  station  has  been  installed  at  some 
thirty  different  points  on  the  farm  of  Mr.  E.  E.  Ramsdell,  Minot, 
Maine. 

Mr.  Ramsdell  has  introduced  several  electrical  devices  for 
saving  labor  on  his  form.  The  installation  that  has  impressed 
me  as  being  most  worthy  of  especial  mention,  however,  is  his 
telephone  equipment. 

Fig.  28  shows  the  farm  "  central ",  and  from  any  outlying  point 
on  the  farm  the  owner  or  his  men  may  talk  to  the  farm  head- 
quarters, the  nearby  town,  or  to  any  place  whatever,  by  '*  long 
distance  *'  if  necessary. 

Another  form  of  telephone  equipment  which  should  be  very 
useful  for  field  work  on  the  larger  farms  is  shown  in  Fig.  29, 
consisting  of  a  portable  magneto  telephone,  which  may  be 
carried  as  part  of  the  field  worker's  outfit,  and  by  means  of  a 
pole  jack,  which  is  also  shown  in  the  illustration,  it  is  possible  to 
signal  to,  or  converse  with  any  other  part  of  the  farm.  Telephone 
installations  of  the  kind  just  described  may  also  include  a  separate 
water-tight  loud  ringing  extension  bell  that  may  be  heard  at  a 
considerable  distance  from  the  fixed  signal  point.  Such  appara- 
tus, and  in  fact  any  electrical  devices  for  farm  use,  should  be 
substantial  in  construction  and  built  to  withstand  weather  con- 
ditions. 

That  electricity  on  the  farm  makes  for  great  economy,  not 
only  through  convenience,  cleanliness  and  safety,  but  also 
in  actual  cost  of  operation,  can  be  proved  over  and  over  again 
in  the  case  of  those  installations  where  the  service  is  properly 
installed  and  where  apparatus  of  suitable  type  and  size  has  been 
selected.  For  example,  in  one  instance  where  the  monthly 
output  was  considerable,  the  cost  for  electric  power  averaged 
from  one-half  to  one  and  one-half  mills  per  pound  of  butter  made, 
the  rate  of  charge  for  current  being  2^  cents  per  kilowatt-hour. 

Considering  the  cleanliness,  minimum  upkeep  and  labor 
required,  this  cost  becomes  negligible.  And  the  difference  in 
cost  of  using  electric  illumination,  compared  with  the  full  costs 
incidental  to  burning  kerosene,  while  somewhat  dependent  upon 
the  relative  rates  of  charge,  is  actually  in  favor  of  electricity, 
when  chimneys,  wicks  and  time  of  trimming  are  considered. 
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It  may,  therefore,  be  accepted  as  a  fact  that  on  the  fann,  as 
elsewhere,  electricity  for  lighting  and  power  results  in  lower 
cost,  but  to  make  this  statement  so  that  it  cannot  be  disputed, 
I  would  add  that  where  electric  service  cannot  be  obtained  from 
a  public  supply  on  a  basis  that  will  insure  reasonable  rates,  it 
is  entirely  within  the  privilege  of  the  farmer  or  rural  dweller 
to  equip  his  property  with  a  private  electric  generating  plant 
that  will  give  him  light  and  power  at  moderate  cost,  and  the 
operation  of  such  a  plant  should  not  be  difficult  for  anyone  to 
understand. 

The  plant  illustrated  by  Figs.  30,  31  and  32  perhaps  embodies 
a  maximum  of  simplicity  and  minimum  of  operating  expense,  for 
which  reasons  I  refer  to  it  as  an  equipment  within  the  reach  of 
anyone  desiring  the  benefit  of  electricity  with  very  moderate 
outlay.  In  this  instance,  a  small  dynamo  (6  amperes,  35  volts  at 
450  rev.  per  min)  is  belted  to  the  vertical  shaft  of  a  windmill. 

As  the  mill  speed  is  not  constant,  an  automatic  cut-in  is 
introduced  in  the  electrical  circuit  between  the  dynamo  and  the 
storage  battery,  from  which  the  lighting  current  is  taken,  the 
charging  of  this  battery  being  the  sole  duty  of  the  dynamo. 

This  plant,  which  is  on  the  fami  of  J.  F.  Forrest,  Poynette, 
Wisconsin,  develops  current  for  24  15 -watt,  25- volt  tungsten 
lamps.  Its  whole  cost  was  $250,  exclusive  of  transportation,  but 
including  windmill,  dynamo,  storage  battery,  automatic  cut-in, 
wire,  porcelain  insulators,  sockets,  switches  and  timgsten  lamps. 
The  owner  did  the  complete  wiring  and  arranging  of  the  lights 
and  switches.  The  two  years  of  successful  operation  and  the 
cleverness  of  the  lighting  scheme,  which  embodies  several  two- 
way  and  three-way  switches  for  distant  control  of  both  exterior 
and  interior  lights,  is  certainly  an  indication  that  Mr.  Forrest,* 
who  runs  a  farm  of  some  hundred  or  more  acres,  has  done  for 
himself  what  many  other  farmers  may  also  do  by  a  little  planning 
and  some  interesting  labor. 

To  make  this  subject  of  electricity  on  the  farm  reasonably 
complete,  there  is  shown  Fig.  33,  which  illustrates  a  well-equipped 
generating  plant  where  the  dynamo  is  directly  connected  to  a 
vertical  type  gasolene  engine,  the  whole  unit  mounted  together 
on  one  foundation.  The  storage  battery  is  in  the  room  adjoining, 
while  the  switchboard  is  built  into  a  wall  of  the  engine  room. 

In  conclusion,  I  would  state  that  the  practicability  and 
feasibility  of  utilizing  electricity  for  both  lighting  and  power  on 
the  farm  has  been  demonstrated  by  many  successful  installa- 
tions. 
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In  some  agricultural  sections,  central  station  operators  are 
stimulating  a  general  use  of  electricity  in  rural  districts  by  follow- 
ing a  far-sighted  policy  as  to  extension  of  service  lines  and  rates 
for  current. 

Should  one  or  more  isolated  farmers  find  it  impracticable  to 
obtain  central  station  service,  there  is  open  the  opportunity  of 
establishing  a  cooperative  generating  station,  utilizing  water- 
power,  producer  gas,  steam,  gasolene  or  fuel  oil  equipments, 
depending  upon  the  conditions  obtaining. 

In  conjunction  with  such  cooperative  electric  generating 
stations,  there  could  be  operated  community  laundries,  creamer- 
ies, canneries,  grist  mills  or  other  industries  suggested  by  local 
needs. 

Where  neither  public  service  nor  cooperative  plants  are  feas- 
ible, a  farmer  may,  at  a  cost  of  approximately  $250,  install  a 
private  electric  lighting  plant,  large  enough  for  two  dozen  lights, 
and  from  this  as  a  probable  minimum,  he  may  install  an  isolated 
plant  at  additional  outlay  that  will  provide  current  for  as  many 
lamps  and  as  much  power  as  he  may  desire. 

The  use  of  electricity  on  the  farm  makes  for  greater  safety 
from  fire  risk,  and  for  this  reason  especially,  its  use  should  be 
encouraged  for  lighting,  heating  and  power. 

And,  finally,  as  our  future  land  improvement  in  the  East,  as 
well  as  the  South,  will  involve  drainage  and  irrigation,  we  may 
expect  to  see  here,  as  in  the  West,  electricity  taking  a  leading 
place  in  agricultural  develo]jment.  It  should  be  remembered, 
too,  that  electric  energy  is  greatly  cheaper  than  man  or  horse 
power,  and  that  nowhere  else  are  man  and  horse  labor  wasted 
through  periods  of  inactivity  to  an  extent  to  be  compared  with 
the  labor  waste  on  the  farm.  Now,  when  it  seems  impossible 
to  sectire  men  on  the  farm,  the  turn  of  a  switch  brings  electric 
energy,  begetting  production  and  wealth. 
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Discussion  on  "  Electricity  on  the  Farm  "  (Bates),  Boston, 

Mass.,  June  28,  1912. 

J.  D.  Merrifield :  Where  I  come  from  they  sell  electricity  to 
the  farmer  at  $50  a  horse  power,  and  he  can  use  it  for  anything 
he  pleases. 

I  want  to  speak  of  refrigeration.  Mr..  Bates  states  that  every 
farmer  can  aflford  refrigeration.  I  will  tell  you  of  a  refrigerating 
"  plant  *'  in  use  in  my  town.  The  humidity  of  the  air  there  is 
very  low.  If  you  draw  air  through  water  and  then  pump  air  - 
into  the  room  by  means  of  a  fan,  you  will  lower  the  temperature 
of  the  room  six  or  eight  or  even  ten  degrees.  Where  I  live  the 
temperature  goes  up  to  119  deg.  fahr.  in  the  shade,  and  I  have 
known  it  higher.  This  may  last  a  day  or  two.  I  know  of  a  boy 
out  there  who  rigged  up  a  very  successful  device.  It  consisted 
of  a  rod  from  his  wagon  and  the  picket  rope  from  the  cow,  and  he 
made  a  little  fan  drive,  put  the  fan  on  the  kitchen  window, 
hung  wet  cloths,  and  he  cooled  off  both  the  kitchen  and  dining- 
room,  and  made  it  a  very  comfortable  place  to  occupy.  It  is  a 
very  simple  and  yet  a  very  effective  method  of  accomplishing 
the  result. 

L.  L.  Elden:  I  hope  before  Mr.  Bates  leaves  our  country  here 
in  the  East  he  won't  fail  to  find  out  that  at  least  one  electric 
company  is  entering  the  field.  The  Edison  Electric  Illuminating 
Company  of  Boston  has  what  is  called  an  "  Edison  farm,*'  about 
twenty  miles  from  Boston,  where  all  types  of  electrical  machines 
and  applications  of  electricity  to  these  machines  are  on  exhibition. 
The  company  is  offering  to  extend  its  lines  practically  anywhere 
to  get  the  business,  and  it  is  practically  off-peak  business.  It  is 
therefore  very  attractive  to  the  company  from  both  the  capacity 
and  income  points  of  view.  I  do  not  know  whether  this  exploita- 
tion has  been  attempted  elsewhere,  and  we  do  not  know  exactly 
what  the  result  of  this  effort  is  going  to  be,  but  so  far  there  has 
been  a  marked  interest  displayed  by  the  neighbors  in  the  vicinity 
of  the  exhibit,  and  sales  of  several  large  motors  have  been  made 
for  farming  piu'poses. 

Putnam  A.  Bates:  I  have  known  something  of  the  idea 
that  this  company  was  planning,  and  I  am  very  glad  to  hear  that 
the  project  has  been  put  into  actual  operation  this  year.  There 
is  no  question  that  it  will  take  a  little  time  before  the  additional 
expense  of  such  an  exhibit  is  brought  back,  but  when  it 
comes  ]  back  it  will  come  back  strong  and  the  companies 
that  make  their  beginning  now  will  be  the  ones  that  will 
profit  the  most.  The  sale  of  electric  machinery  among  the 
farmers,  as  I  have  pointed  out,  is  going  to  be  tremendous.  The 
sale  of  electrical  energy  is  going  to  be  even  more  tremendous, 
because  in  five  or  ten  years  at  the  outside,  it  will  be  a  most 
unusual  thing  to  see  a  fann  without  electric  current  in  use  for 
both  lighting  and  power. 

I  can  recollect  when  dentists  used  a  hammer,  to  drive  the  filling 
into  one's  teeth,  but  they  don't  do  that  now.     A  little  electric 


19121  DISCUSSION  AT  BOSTON  2005 

motor  has  been  substituted  for  the  hand  method.  I  have  worked 
my  own  garden  with  a  hand  wheel  hoe,  but  why  should  I  not 
attach  an  electric  motor  to  this  device  and  let  the  motor  do 
the  digging  while  I  merely  furnish  the  energy  to  move  the  tool 
along?  That  is  what  was  done  with  the  big  grain  harvesting 
machines.  They  required  forty  or  fifty  horses  or  mules  to  pull 
them,  the  greater  part  of  this  energy  being  necessary  to  do  the 
cutting,  threshing  and  binding.  Some  ingenious  fellow  said, 
**  Why  not  leave  a  good  many  of  those  animals  in  the  bam,  or 
sell  them  to  the  neighbors?  Put  a  little  gasoline  motor  on  the 
back  of  that  threshing  machine.  It  is  heavy  already.  It  won't 
add  much  to  put  pn  a  few  hundred  pounds  more.  Let  the 
gasoline  motor  do  the  threshing  and  binding,  and  let  the  animals 
pull  the  thing  about."  That  was  a  great  improvement  in  har- 
vesting maclnnery. 

J.  A.  Moyer:  I  would  like  to  ask  Mr.  Bates  one  question, 
whether  he  has  any  figures  regarding  the  proportion  of  the  in- 
dividual or  isolated  plants  used  in  comparison  to  central  station 
power,  where  the  latter  is  available. 

Putnam  A.  Bates:  If  I  understand  the  question  correctly 
my  answer  must  be  that  the  isolated  plant  and  the  central  station 
service  for  the  farmer  very  seldom  conflict.  We  might  think  they 
would,  because  in  the  city  we  find  such  competition  always.  But 
out  in  the  rural  sections  the  conditions  are  different.  The 
central  stations  seem  to  be  either  progressive  or  hopeless.  The 
former  follow  a  liberal  policy  and  cultivate  the  farmers'  business. 
They  are  solving  the  problem  from  his  point  of  view.  With  the 
latter  class,  we  find  the  plants  generally  are  carrying  tremendous 
overhead  burdens  and  have  to  charge  from  ten  to  fifteen  or  more 
cents  per  kilowatt-hour,  and  they  insist  on  the  farmer  paying 
for  the  pole  line  if  he  wants  the  current.  It  is  a  ridiculous  prop- 
osition. The  farmer  simply  buys  an  isolated  plant  instead.  You 
can  compete  with  a  ten-cent  service  rate  by  having  an  inde- 
pendent plant. 

You  find  that  on  the  farm,  labor  conditions  work  out  differently 
from  in  the  factory.  In  the  factory  you  can  differentiate  between 
your  candidates  for  employment.  You  can  pick  out  the  skilled 
man.  You  can  let  the  others  who  apply  go.  But  on  the  farm  it 
is  the  other  way  arotmd.  You  are  mighty  lucky  if  you  get  an 
unskilled  man,  to  say  nothing  of  the  skilled  man.  These  farm 
hands  are  pretty  good  as  farmers.  They  usually  mean  well,  but 
they  will  go  along  with  the  load  of  com  stalks  to  put  into  the  silo 
and  if  you  have  a  gasoline  motor  of  12  h.p.  that  is  supposed  to 
be  ample  to  drive  an  ensilage  cutter  and  silo  filler  they  will  put 
two  btmdles  of  wet  cornstalks  on  the  platform,  and  they  will  jam 
them  in  so  as  to  stall  a  12-  or  15-h.p.  gasoline  motor  every  time. 
So  really  you  ought  to  have  20  h.p.  in  a  gasoline  engine  if  you 
want  to  do  silage  work  and  do  it  right.  Now  with  electricity 
you  can  use  a  10-h.p.  motor.  It  will  cost  less  than  a  10-  or  12- 
h.p.  gasoline  motor,  and  rough  treatment  such  as  I  have  described 
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makes  no  difference  to  the  motor.  It  has  100  per  cent  overload 
capacity  for  a  short  time,  and  it  will  go  through  the  heavy  mo- 
mentary overload  with  no  delay  or  injury.  That  is  one  of  the 
great  advantages  of  electricity  on  the  farm,  it  is  so  easily  and 
well  adapted  to  the  needs  of  the  situation. 

Mr.  Sanford:  I  would  like  to  ask  whether  in  the  course  of 
the  daily  work  there  is  what  you  ordinarily  call  a  peak  load  on 
the  generator,  that  is,  on  a  farm  running  with  a  small  isolated 
plant,  and,  supposing  there  is  any  peak  load  which  would  tend  to 
bother  the  generator,  would  it  not  be  economical  to  carry  a  stor- 
age battery  which  will  be  charging  during  the  light  load  and 
when  the  peak  load  comes  on  will  be  running  parallel  with  the 
generator? 

Putnam  A.  Bates :  That  is  a  good  point.  The  storage  battery 
is  of  no  little  significance  in  connection  with  the  equipment  of  the 
isolated  plant  on  the  farm.  I  never  design  an  isolated  plant 
for  farm  use  without  putting  in  a  storage  battery  and  a  good  big 
one  because  that  is  just  the  factor  that  you  need  in  a  small  rur^ 
isolated  plant — a  good  big  balance  wheel  to  carry  you  over  the 
times  when  you  don't  want  to  run  your  engine. 

Adolph  Shane  (by  letter) :  This  paper  has  proved  of  consider- 
able interest  to  me  for  several  reasons.  In  the  first  place  I  have 
had  occasion  to  look  into  this  subject  under  the  conditions  siu*- 
rotmding  my  section  of  the  country  (Iowa)*  and  I  desired  to  as- 
certain the  view-point  of  another  who  had  also  made  a  study 
of  this  important  development.  In  the  next  place,  Mr.  Bates 
has  given  me  a  clearer  idea  of  the  extent  to  which  electrical 
apparatus  for  farm  purposes  has  been  developed.  Again,  he  has 
shown  the  possibilities  inherent  in  farm  electrification. 

Under  certain  conditions  these  possibilities  may  prove  to  be 
desirabilities.  And  this  is  the  phase  of  the  subject  I  wish  to  con- 
sider. To  what  extent  is  it  desirable  to  electrify  a  farm?  Mr. 
Bates  shows  us  how  extensive  irrigation  schemes  are  successfully 
carried  out  in  the  semi-arid  West  by  means  of  electricity.  He  has 
shown  us  the  application  of  electric  power  in  the  dairy  and  in  the 
harvesting  of  ice.  But  does  a  comprehensive  scheme  of  electri- 
fication under  our  present  conditions  represent  advantages  to 
themajority  of  farmers  over  this  broad  land?  I  think  not.  Until 
central  station  men  see  that  it  will  pay  them  to  sell  cheap  power 
to  the  farmer  and  until  the  farmer  sees  that  his  returns  in 
dollars  and  cents  are  greater  by  the  use  of  electricity  than  with- 
out, electrically  operated  farms  will  not  become  general. 

The  greatest  farming  sections  of  the  United  States  are  in  the 
Middle  West.  Because  of  the  preponderance  of  farm  produc- 
tion and  wealth  in  this  part  of  the  country,  the  conditions  as  they 
obtain  here  should  also  fairly  well  represent  the  conditions  over 
the  country  as  a  whole;  and  where  other  conditions  exist  else- 
where they  might  perhaps  be  taken  as  special  and  not  typical. 

*See  Bulletin  No.  25,  Engineering  Experiment  Station,  Iowa  State 
College,  Ames,  Iowa. 
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Let  us  then  consider  the  farms  of  the  Middle  West  and  study  the 
problem  of  electrification. 

In  looking  over  the  field  we  find  that  the  farms,  generally 
speaking,  are  many  and  moderate  in  size  rather  than  relatively 
few  and  great  in  extent.  On  the  large  farm  the  problem  of  elec- 
trification may  be  taken  seriously,  but  on  the  small  farm  the 
owner  will  have  to  be  convinced  of  definite  profits  before  he  com- 
mits himself  to  the  expense,  especially  since  the  middle  western 
farmer  does  not  depend  on  irrigation  for  his  crops.  But  suppose 
he  is  considering  electrification,  what  is  to  be  his  sotu'ce  of 
power?  It  must  either  be  a  central  station  or  he  must  manufac- 
tiu^e  .the  power  himself.  As  a  rule  the  central  station  does 
not  find  it  profitable  to  supply  farmers  with  power  in  this  region. 
The  uses  to  which  the  farmer  may  desire  to  apply  electric  power 
are  light,  a  number  of  domestic  utensils,  several  motors  of  small 
power,  and  a  large  motor  of  perhaps  25  h.p.  with  which  to  thresh 
and  cut  ensilage.  This  latter  motor  is  used  but  a  few  days  in  each 
year,  yet  it  is  necessary  to  supply  transformers  to  take  this  max- 
imum load.  The  result  is  that  the  load  factor  for  the  year  is  so 
poor  that  the  all-day  efficiency  on  the  average  is  low.  The 
further  sesult  is  that  there  is  a  considerable  waste  of  power  and  the 
central  station  must  charge  more  per  kilowatt-hour  for  this  rea- 
son, and  because  of  the  relatively  heavy  overhead  charges  in 
proportion  to  the  amount  of  power  used.  The  latter  reason  may 
not  exist  if  the  transmission  line  is  primarily  built  to  serve  a 
neighboring  town  and  the  farmer  is  taken  on  incidentally. 

If  the  farmer  is  to  manufacture  the  power  himself  he  must, 
under  similar  conditions  again,  install  a  plant  capable  of  supply- 
ing the  largest  motor  with  power,  namely  the  25-h.p.  motor. 
Thus  he  would  again,  excepting  for  a  few  days  in  the  year,  oper- 
ate his  plant  at  a  ridiculously  small  load  factor.  This  would 
be  aggravated  by  the  fact  that  there  would  be  little  excuse  to 
drive  the  churn  and  cream  separator  by  an  electric  motor,  since 
the  gasoline  or  oil  engine  could  drive  a  line  shaft,  which  connects 
the  power  room  with  the  repair  shop  and  dairy  room,  at  the  same 
time  that  it  operates  the  generator.  This  would  be  no  less  con- 
venient and  cleanly  than  the  motor  drive,  for  under  any  circum- 
stances all  apparatus  should  be  operated  at  as  nearly  the  same 
time  as  possible  for  the  sake  of  economy  in  power  generation; 
and  the  line  shaft  and  belting  is  not  more  prominent  in  one  case 
than  in  the  other.  I  refer  now  to  the  dairy  room  of  the  average 
farm.  Accordingly  the  cost  of  plant  is  excessive  for  the  amount 
of  power  produced  and  the  cost  of  power  is  excessive  because  of 
the  very  small  load  factor. 

We  thus  see  that  the  average  farmer  is  at  present  enabled  to  use 
electric  power  only  in  a  limited  fashion;  but  if  he  is  properly 
advised  he  may  reap  considerable  benefit  from  the  use  of  such 
power  in  a  conservative  way.  The  farmer  realizes  the  con- 
venience and  safety  of  the  electric  light,  particularly  in  the  bam. 
Hence,  aside  from  its  cost,  he  may  desire  electric  light.     So  I 
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believe  the  use  of  electric  power  on  the  farm  centers  at  present 
in  the  farmer's  desire  for  electric  light.  In  most  cases  he  will 
produce  the  power  himself,  using  a  small  gasoline  or  oil  engine, 
generator,  and  storage  battery  for  lighting.  This  is  the  entering 
wedge.  If  planned  beforehand,  the  generator  may  have  suflScient 
capacity  to  supply  power  for  the  flat-iron,  washing  machine,  fan, 
sewing  machine,  etc.,  as  well  as  to  charge  the  battery,  without 
causing  the  plant  to  cost  materially  more.  The  farmer  may  be 
ambitious  and  desirous  of  doing  his  grinding  and  pumping  by 
means  of  electric  power.  He  may  still  do  this  with  a  small  capac- 
ity plant.  But  this  is  perhaps  the  extent  to  which,  it  appears  to 
me,  electrification  should  be  carried  by  the  average  fanner  at 
present. 

If  a  niunber  of  farms  operated  a,  plant  in  cooperation  the 
above  discussion  would  be  subject  to  considerable  revision.  But 
because  of  the  htmian  equation  entering,  general  cooperation 
has  hardly  proved  a  success  among  farmers. 

In  the  future  the  following  causes  may  extend  the  degree  of 
profitable  electrification: 

a.  The  increase  in  value  of  farm  products  to  such  a  point  that 
it  may  pay  to  multiply  machinery  for  the  more  eflScientund  rapid 
handling  of  them. 

b.  The  general  development  of  large  central  station  systems 
for  the  economic  production  and  distribution  of  power. 

c.  The  increase  in  size  of  farms  tmder  single  or  corporate  owner- 
ship. 

Any  of  these  causes  or  combination  of  causes  may  produce  the 
desired  end.  The  point  I  desire  to  make  in  this  discussion  is 
that  the  members  of  the  electrical  profession  interested  in  exploit- 
ing electricity  for  the  farm  will  gain  greater  and  farther  reaching 
results  in  the  end  if  such  exploitation  is  followed  along  careftd 
and  conservative  lines.  The  confidence  of  the  farmer  will  then 
be  secured. 

Putnam  A.  Bates  (by  letter) :  Mr.  Adolph  Shane  in  his  dis- 
cussion of  my  paper  *'  Electricity  on  the  Farm  '*  states:  '*  under 
certain  conditions  these  possibilities  may  prove  to  be  desira- 
bilities." And  he  adds  the  question:  "  To  what  extent  is  it 
desirable  to  electrify  a  farm?" 

In  answering  this  question,  I  must  first  emphasize  the  fact 
that  in  my  paper  I  have  not  described  possibilities,  but  have 
recited  actual  conditions  of  electrification  on  farms,  many  of 
which  have  been  thus  successfully  operating  for  several  years, 
a  suflBcient  length  of  time  to  demonstrate  fully  their  desirability. 

The  purpose  of  Mr.  Shane's  argument,  I  take  it,  is  to  awaken 
the  central  station  man  to  the  importance  of  aggressive  co-opera- 
tion in  this  application  of  electricity  landward,  and  while  in  a 
measure  I  can  sympathize  with  Mr.  Shane,  as  my  own  farm  in 
New  Jersey  lies  in  a  section  of  electrical  supply  where  the  opera- 
tors of  the  local  plants  are  many  years  behind  the  times,  generally 
speaking,  the  central  station  men  are  now  quite  alive  to  this 
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problem,  and  it  is  a  notable  fact  that  during  the  past  two  years 
the  progressive  central  stations  in  the  United  States  and  Canada 
have  been  making  rapid  strides  in  extending  service  to  the  farm. 
In  fact,  almost  coincidently  with  the  presentation  of  my  paper 
at  the  Boston  convention  of  this  Institute  in  June  last,  the 
National  Electric  Light  Association  during  its  convention  in 
Seattle  discussed  this  subject  and  many  important  data  were 
presented. 

A  few  years  ago,  Mr.  Shane's  statement  that  the  greatest 
farming  sections  of  the  United  States  are  in  the  Middle  West 
would  have  gone  unchallenged,  but  today  reliable  reports  do 
not  show  this  to  be  so. 

Unquestionably,  the  Middle  West  is  deserving  of  great  credit 
as  a  section  of  immense  agricultural  wealth,  but  in  basing  an 
argiunent  as  to  the  best  equipments  to  recommend  for  the 
proper  development  of  our/arms  in  all  sections  of  this  vast  country 
on  the  practises  that  now  obtain  there,  more  credit  is  being 
given  than  is  due  the  Middle  West,  or  any  other  one  locality, 
for  that  matter. 

The  very  fact  that  the  Middle  West  has  for  so  many  years 
been  regarded  as  a  leader,  agriculttirally,  is,  I  think,  a  sufficient 
reason  for  us  to  regard  with  suspicion  any  suggestion  of  im- 
practicability regarding  the  recommendations  of  those  who  wish 
to  see  the  advancement  of  new  ideas  in  this  field.  It  is  in  the  new 
sections  that  we  are  most  apt  to  find  the  early  adoption  of  im- 
proved methods  and  not,  necessarily,  in  those  districts  where  an 
industry  has  long  been  successftdly  established. 

The  older  agriculttiral  sections  must  not  remain  too  wedded 
to  the  methods  of  the  days  during  which  their  reputations  were 
making,  for  it  is  only  through  a  continual  application  of  new 
ideas,  improving  upon  the  old  methods,  that  supremacy  can  be 
maintained. 

The  increase  in  rural  poptdation  during  the  past  ten  years  has 
been  decidedly  in  favor  of  sections  other  than  our  Middle  West, 
and  this  is  a  straw  that  shows  the  way  the  wind  is  blowing.  In 
Iowa,  for  example,  the  rural  population  has  actually  decreased 
and  the  same  is  true  of  Missouri,  Indiana  and  Ohio,  whereas  in 
the  other  States  of  the  middle  western  group  the  increase  has  been 
less  than  ten  per  cent.  Against  this,  we  find  the  increase  in 
Washington,  Oregon,  Idaho,  California,  Nevada,  Arizona,  Colo- 
rado and  other  States  to  be  30  to  50  per  cent,  and  in  some  cases 
even  more  than  this.  These  figures  are  from  the  U.  S.  Govern- 
ment Census  reports,  1900  to  1910. 

A  similar  condition  is  indicated  to  us  by  a  study  of  the  acre 
crop  yields  of  the  middle  western  States  compared  with  the  old 
eastern  States  that  are  coming  back  into  their  own  through  the 
scientific  treatment  which  these  "  worn-out  "  soils  are  now  re- 
ceiving and  the  passing  of  the  farms  from  weaker  to  stronger 
hands.  This  fact  is  shown  by  the  following  figures  taken  from 
the  reports  of  the  Department  of  Agriculture  of  the  United  States 
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for  the  year  1910  regarding  the  production  of  wheat,  corn  and 

oats  since  1866.     Reliable  reports  prior  to  1866  are  not  available. 

The  production  of  wheat  per  ac  e  in  the  following  States  was : 


1866  to  1875 

Main* 13 . 2  bushels 

New  York 14.1 

Pennsylvania 13 .3 

Ohio 12. 

lUinois 11.9 

Iowa 12.6 

Kansas 15.7 


1876  to  1885 

13.7  bushels 

15.5 

13.4 

14.6 

13.1 

10.2 

13.9 


1910 


29.7  bushels 

23.7 

17.8 

16.2 

15. 

21. 

14  0 


The  production  of  oats  in  the  following  States  was: 

1866  to  1875  1876  to  1885  1910 


Maine 21 .6  bushels 

New  York 21.2 

Pennsylvania. 30 . 6 

Ohio 29.6 

lUinois 30.5 

Iowa 35.8 

Kansas 32.8 


26.8  bushels 

30.5 

30.2 

30.6 

33.2 

33. 

30.6 


42.4  bushels 

34.5 

35.2 

37.2 

38. 

37.8 

33.3 


The  production  of  com  in  the  following  States  was : 

1866  to  1875  1876  to  1885  1910 


Maine 29.3  bushels 

New  York 31.6 

Pennsylvania 35. 1 

Ohio 35.2 

IlUnois 29.9 

Iowa 34 . 3 


33.8  bushels 

30.4 

32.6 

32.6 

27.2 

31.8 


46.0  bushels 

38.3 

41.0 

36.5 

39.1 

36.3 


One  very  important  feature  of  the  now  much  discussed  sub- 
ject of  **  electricity  on  the  farm  **  is  that  where  this  improve- 
ment is  found,  it  is  universally  accompanied  with  better  con- 
ditions generally.  The  farmers  are  of  a  different  frame  of  mind 
from  those  where  the  less  efficient  forms  of  energy  are  used  for 
power  and  Ughting.  This  condition  I  have  noticed  many  times 
in  different  localities,  and  it  is  in  my  opinion  the  most  important 
condition  of  all,  because  this  interest  means  better  farming  in 
all  branches,  and  even  if  the  electrical  method  were  the  most 
expensive,  which  it  is  not  under  a  proper  order  of  things,  a  com- 
prehensive scheme  of  electrification  would  be  justified  on  all 
farms  worthy  of  the  name  and  farmers  will  do  well  to  adjust 
their  present  conditions  so  as  to  be  not  long  delayed  in  the  en- 
joyment of  the  advantages  of  electricity,  no  matter  what  agri- 
cultural section  the  farm  is  located  in. 

We  would  not  think  of  recommending  electric  power  for  the 
textile  mills  of  New  Jersey  and  then  advising  against  its  use  in 
the  mills  of  Illinois.  We  would  not  say  that  the  machine  shop 
in  New  York  State,  where  we  will  assimie  the  power  rate  for 
electrical  energy  is  from  5  to  10  cents  per  kw-hr.,  should  be  op* 
erated  by  hand-power  whereas  the  shop  in  Colorado,  where 
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perhaps  a  2-  or  3-cent  rate  prevails,  might  indulge  in  electrifica- 
tion and  the  many  resulting  advantages  therefrom. 

Electric  drive  and  electric  lighting  are  too  well  understood  for 
us  to  confuse  in  any  way  the  importance  of  their  advantages  with 
the  obstacles  that  are  naturally  encountered  in  the  introduction 
of  a  new  method  into  a  new  field. 

Today,  however,  the  farmer  is  independent  of  the  central 
station,  and  yet  where  service  is  supplied  at  a  fair  rate  with  rea- 
sonable reliability,  there  may  be  advantages  in  some  cases  in 
not  installing  a  private  plant.  In  any  event,  the  problem  can 
be  solved  and  the  improvement  well  justifies  the  expense.  This 
has  been  demonstrated  in  many  places,  tinder  many  conditions. 

On  all  farms  the  problem  of  electrification  should  be  taken 
seriously.  On  the  small  farm  it  may  not  pay  to  carry  the  idea 
as  far  as  on  the  large  farm,  but  again  the  reverse  is  sometimes 
true.  In  the  small  farm  home,  oftentimes  it  is  nearly  impossible 
to  secure  satisfactory  labor,  and  it  is  under  such  conditions  that 
electrical  energy  is  most  useful.  On  small  farms  a  large  amoimt 
of  power  is  seldom,  if  ever,  required.  The  feed  is  ground  when 
bought  and  threshing  and  other  heavy  work  can  be  contracted 
for. 

On  the  larger  farms  a  greater  percentage  of  the  operations 
involved  in  converting  raw  material  into  finished  products  is 
undertaken,  the  average  daily  power  requirement  is  greater, 
and  the  business  enterprise  is  of  sufficient  magnitude  to  justify 
a  gradual  improvement  in  equipment  and  an  ultimate  adoption 
of  the  most  efficient  methods.  This  is  an  economic  problem  and 
one  which  is  more  important  to  consider  on  our  farms  than  in 
our  factories  or  mills.  And  from  the  facts  already  presented 
we  know  that  the  increased  rate  of  handling  work,  the  decrease 
in  labor  required  and  the  actual  economy  of  electrical  power 
commend  this  form  of  energy  for  favorable  consideration  on  the 
farm  as  elsewhere. 

I  must  also  differ  with  Mr.  Shane  in  what  he  says  in  reference 
to  the  character  of  plant  that  wotdd  be  necessitated  under  certain 
conditions  which  he  has  named. 

While  a  25-h.p.  motor  would  be  running  less  than  half  loaded 
when  operating  an  ensilage  machine  in  reasonably  good  repair, 
and  slightly  more  than  this  when  driving  a  threshing  unit  of 
average  size,  let  us  take  Mr.  Shane's  figure  for  the  sake  of  argu- 
ment. Manifestly  it  would  not  be  good  planning  to  load  the 
entire  year's  service  bills,  where  the  ordinary  day's  electrical 
requirements  are  small,  with  the  inefficiencies  and  overhead 
charges  incidental  to  a  service  equipment  that  is  out  of  all  pro- 
portion to  the  average  current  demand.  The  idea  of  electrifica- 
tion of  the  farm  should  not  be  carried  to  this  point. 

The  same  principle  is  true  in  the  designing  of  a  private  plant, 
but  there  the  difficulty  cited  is  more  easily  overcome  through  the 
introduction  of  a  storage  battery  of  sufficient  capacity  to  carry 
large  peak  loads.     In  fact  it  is  advantageous  to  have  the  battery 
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of  such  size  that  it  does  not  have  to  be  charged  every  twenty- 
four  hotirs,  as  here  again  we  encounter  the  labor  problem  which 
is  so  diflScult  to  arrange  satisfactorily  on  the  farm. 

If  the  plant  be  so  designed  that  the  generating  set  is  of  sufficient 
size  to  carry  the  evening  lighting  load  direct  and  to  charge  the 
storage  battery  during  the  daytime,  and  the  battery  is  large 
enough  for  the  heavy  peak  loads  when  unusual  work  is  being 
undertaken,  it  is  better,  even  if  it  takes  several  days  to  charge 
the  battery  ftdly,  than  it  would  be  to  have  a  generating  set  of 
sufficient  capacity  for  the  maximum  demand  and  only  a  small 
battery  or  none  at  all. 

Now  one  word  about  electricity  in  the  dairy.  Mr.  Shane 
speaks  of  possibilities  and  desirabilities  of  electricity  on  the 
farm.  Let  me  say  that  when  clean  milk  is  selling  wholesale  at 
from  7i  to  15  cents  per  quart  net  to  the  farmer,  as  it  is  today  in 
New  York  State  and  New  Jersey,  Massachusetts,  Connecticut, 
Pennsylvania,  Maryland  and  doubtless  elsewhere,  there  is  little 
question  of  the  desirability  of  using  electricity  for  both  lighting 
and  power,  no  matter  what  may  be  the  source  of  electrical  supply. 
For  the  introduction  of  electric  light  and  power  devices  in  our 
high-class  dairies  has  done  more  toward  bringing  down  the  bac- 
terial count  in  milk  than  any  one  other  feattire  of  equipment, 
except  sterilization  facilities  and  proper  means  of  cooling. 

In  the  creamery,  it  is  not  a  question  of  economic  use  of  power 
that  prompts  the  use  of  the  direct-connected  or  closely  belted 
motor-driven  separator  and  similar  sanitary  devices,  but  the  elim- 
ination of  dust-stirring  parts  and  vibrations  and  uneven  speeds 
which  reduce  both  the  quantity  and  quality  of  creamery  pro- 
ducts. 

To  define  the  possibilities  of  electricity  on  the  farm  would  be 
to  design  an  ideal  installation  with  an  infinite  number  of  uses 
for  this  form  of  energy.  This  I  have  not  attempted  to  do  in 
my  paper,  but  instead  have  confined  myself  wholly  to  descrip- 
tions of  actual  installations  and  the  submission  of  data  from 
which  all  may  benefit  in  dealing  with  this  problem  in  individual 
cases. 

In  closing,  I  would,  therefore,  point  out  that  the  electrician 
must  get  his  point  of  view  in  this  matter  from  the  needs  of  the 
farm  in  question  and  select  his  equipment  on  the  basis  of  a  proper 
economic  treatment  of  the  problem  of  the  management  of  the 
farm  as  a  whole.  He  must  not  reason  from  the  standpoint  of 
the  farmer  who  is  today  poorly  equipped  with  apparatus  or 
knowledge  as  to  scientific  agriculture.  The  farm  is  a  factory 
and  in  the  profits  of  its  output  will  be  reflected  the  skill  with 
which  its  operations  are  managed. 

Electric  Ught  and  power  are  used  everywhere  else  in  our 
industries  and  it  is  only  through  lack  of  confidence  in  the  possi- 
bilities of  success  in  farming  as  a  business  that  anyone  would 
be  justified  in  denying  this  great  improvement  to  the  farmer. 

The  points  which  Mr.  Shane  raises  come  really  under  the  heads 
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of  **  farm  management  "  and  *'  plant  design."  And  the  answer 
as  to  whether  any  particular  farm  should  be  electrified  or  not 
must  rest  with  the  farmer  himself.  I  need  only  add,  as  a  guide 
to  anyone  in  such  a  position,  that  the  value  of  the  farm  as  a  pro- 
ducing proposition  shotdd  be  determined  and  its  operating  con- 
ditions noted.  If  then  the  business  enterprise  is  of  sufficient 
magnitude  or  of  such  character  as  to  justify  an  important  im- 
provement for  safety  against  fire  risk,  or  for  improved  and  in- 
creased production  with  greater  economy  of  operation,  then  find 
a  way  to  electrify  and  carry  this  as  far  as  the  state  of  the  art 
may  permit,  or  as  far  as  one  experienced  in  these  matters  would 
advise. 
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THE  USE  OF  REACTANCE  IN  TRANSFORMERS 


BY  W.  S.  MOODY 


Until  recently,  reactance  in  transformers  was  considered  only 
as  an  objectionable  characteristic.  To  this  there  was  one  minor 
exception,  which  will  be  referred  to  later  on,  in  connection  with 
transformers  to  furnish  constant  current  for  arc  lighting;  but 
in  general,  because  of  its  detrimental  effect  on  regulation,  react- 
ance in  transformers  has  been  considered  something  to  be 
avoided,  and  the  more  it  was  avoided  the  better  was  the  trans- 
former supposed  to  be  fitted  to  its  use. 

Recently,  however,  in  connection  with  the  use  of  larger  units 
in  generating  stations,  and  higher  voltages  in  transmission  lines, 
reactance  in  other  parts  of  electrical  installations  has  become 
less  and  less,  until  a  short  circuit  in  such  a  system  may  result 
in  such  a  tremendous  flow  of  current,  that  some  means  of  limiting 
the  possible  current  rush  through  the  system  has  become  impera- 
tive. The  most  natural  remedy  is  to  replace  in  the  system,  by 
the  transformer,  some  of  the  reactance  that  has  been  taken  out. 

Reactance  has  commonly  been  used  as  a  means  of  obtaining  a 
variable  ratio  of  transformation  between  the  source  of  supply  and 
the  collector  rings  of  synchronous  converters,  but  when  nx>re 
than  3  or  4  per  cent  reactance  is  desired  for  this  purpose,  it  has 
been  customary  to  use  separate  reactance  coils  between  the  trans- 
formers and  the  converter.  A  very  satisfactory  method  of 
obtaining  as  liigh  as  15  to  20  per  cent  reactance  for  this  purpose 
in  the  transformer  itself,  has  been  recently  developed. 

It  is  the  object  of  this  paper  to  discuss  in  a  general  way  how 
reactance  can  be  introduced  into  transformers  for  the  purposes 
mentioned  above,  to  ])oint  out  some  of  the  difficulties  and  limita- 
tions which  are  met  in  obtaining  the  desired  results,  and  to  sho^ 
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how  effectively  some  of  the  problems  connected  therewith  have 
been  solved. 

As  all  know,  a  transformer  would  have  no  reactance  when 
under  load  if  all  the  lines  of  force  created  by  its  primary  threaded 
through  the  secondary  and  if  all  the  lines  linking  the  secondary 
also  linked  the  primary.  Such  a  complete  interlocking  of  the 
primary  and  secondary  fluxes  is,  of  coiu-se,  impossible,  a  portion 
of  the  fluxes  always  passing  through  the  spaces  between  the  pri- 
mary and  secondary  coils. 

The  percentage  of  the  total  flux  that  links  with  the  primary 
but  does  not  link  with  the  secondary  coil,  plus  that  which  links 
with  the  secondary  but  does  not  link  with  the  primary,  is  the 
per  cent  of  reactance  of  the  transformer.  That  is,  when  99  per 
cent  of  the  primary  flux  cuts  both  primary  and  secondary,  the 
transformer  is  said  to  have  1  per  cent  reactance,  and  when  90 
per  cent,  only,  cuts  both  primary  and  secondary,  it  has  10  per 
cent  reactance. 

Calculations  for  reactance  are  made  by  an  equation  of  the 
form: 
Reactance  volts  = 

(Turns)'  X  Cturent  X  Area  of  leakage  path  t     t    ri^ 

Length  of  leakage  path  X  (No.  of  groups)* 

From  this  formula,  it  is  evident  that  reactance  for  a  given 
size  of  transformer  may  be  decreased, 

a.  By  decreasing  the  total  number  of  turns  in  primary  and 
secondary. 

b.  By  decreasing  the  length  of  turn,  with  a  corresponding 
increase  in  the  flux  density  in  the  core,  or  by  decreasing  the  dis- 
tance between  primary  and  secondary  windings. 

c.  By  increasing  the  dimensions  of  the  windings  in  the  direc- 
tion in  which  the  leakage  flux  passes  through  the  wire  space. 

d.  By  increasing  the  number  of  groups  of  intermixed  pri- 
maries and  secondaries,  the  number  of  turns  in  each  group  being 
correspondingly  reduced. 

So  much  effort  has  been  put  forth  in  designing  transformers 
of  the  lowest  possible  reactance  consistent  with  reasonable  ex- 
pense in  the  matter  of  insulation  and  efficient  proportioning 
of  the  various  parts,  that  one  would  naturally  think  that  if  low 
reactance  was  not  desired,  it  would  be  a  much  easier  problem 
to  make  a   transformer. 

Several  difficulties  are  met,  however,  in  the  design  of  trans- 
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formers  with  high  reactance,  principal  among  which  are  an  extra 
loss  in  the  conductors  due  to  eddy  currents,  an  increase  in  me- 
chanical strains  under  overloads,  and  difiBculties  in  multipling 
different  sections  of  the  windings.  Some  of  the  leakage  flux 
between  the  primary  and  secondary  windings  must  pass  through 
the  conductors  of  the  windings  themselves,  resulting  in  an 
inequality  of  the  e.m.fs.  generated  in  different  parts  of  the  same 
conductor.  This  gives  a  distorted  distribution  of  current,  pro- 
ducing a  copper  loss,  in  addition  to  the  calculated  PR  loss,  which 
is  roughly  proportional  to  the  square  of  the  density  of  the  leakage 
flux,  and  to  the  square  of  the  width  of  the  conductor  in  a  direction 
at  right  angles  to  the  leakage  field.  Unless  the  width  of  the 
conductors  is  small,  therefore,  high  densities  of  leakage  flux  are 
not  permissible,  on  account  of  the  resulting  abnormal  copper  loss, 
and  the  corresponding  increase  in  heating,  and  decrease  in 
efficiency. 

Perhaps  the  first  use  of  high  reactance  in  transformers  was 
that  referred  to  above,  to  obtain  in  the  secondary,  constant 
current  rather  than  constant  potential  for  purposes  of  arc  light- 
ing. Here,  however,  not  a  constant  reactance  but  a  variable 
one  was  needed.  High  reactance  was  here  obtained  without  high 
densities  in  the  leakage  flux,  by  providing  a  large  cross-sectional 
area  of  the  leakage  field  rather  than  many  turns;  and  since  the 
conductors  were  not  large,  no  especial  difficulty  was  experienced 
with  eddy  currents.  The  increased  reactance  for  partial  load 
conditions  in  these  transformers  is  obtained  by  moving  the 
primary  farther  and  farther  away  from  the  secondary,  so  that 
the  leakage  flux  is  increased  by  increasing  the  area  of  cross-section 
of  its  field,  the  density  remaining  constant. 

This  method  of  obtaining  high  reactance  is  very  expensive 
because  of  the  great  length  of  core  that  is  necessary  to  surround 
this  idle  space,  in  addition  to  surrounding  the  copper  and  insula- 
tion, and  is  prohibitive  in  large  units.  The  reactance  that  can 
be  obtained  economically,  without  a  density  of  leakage  flux  which 
is  not  too  high  from  the  standpoint  of  eddy  current  loss,  varies 
with  the  voltage  of  the  transformer,  for  the  higher  the  voltage  the 
greater  the  distance  that  must  necessarily  exist  between  primary 
and  secondary  windings  for  insulation  purposes,  and  therefore  the 
greater  the  amount  of  flux  that  can  be  carried  through  this  space 
without  serious  eddies  in  the  copper.  Thus  it  may  be  as  easy 
to  make  a  transformer  with  10  per  cent  reactance  when  wound 
for  100,000  volts  as  for  5  per  cent  reactance  when  wound  for 
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25,000  volts,  due  to  the  broader  path  that  exists  for  the  reactive 
flux  in  the  high-voltage  design. 

As  a  general  proposition,  it  may  be  said  that  it  is  usually 
impractical  to  get  more  than  8  ixir  cent  reactance  in  60-cycle 
transformers  without  *  undue  eddy  current  losses,  and  that  the 
allowable  maximum  would  be  considerably  less  than  this  in  low- 
voltage  designs.  For  lower  frequency,  higher  reactance  may 
be  practical,  since  eddy  current  losses  are,  of  course,  less  at  a 
given    density. 

It  has  recently  become  customary  to  specify  that  the  trans- 
former must  not  have  less  than,  say  5  per  cent  reactance,  for 
the  protection  of  transformers,  switches,  generators,  and  in 
fact  all  parts  of  the  system,  against  the  high  mechanical  stresses 
due  to  excessive  currents.  It  is  not  always  appreciated,  how- 
ever, that  limiting  the  current  in  this  way,  while  protecting  other 
apparatus,  does  not  necessarily  make  the  transformer  any 
safer  to  withstand  overload  conditions. 

Calculations  for  the  mechanical  stresses  in  the  transformer 
may  be  made  by  the  equation: 
Mechanical  stress  = 

(Turns)'  X  (Current)' X  a  constant    (2) 

(Length  of  leakage  path)' X  (Number  of  groups)^ 

where  the  groups  are  all  alike;  or  where  the  groups  are  not  alike, 
Mechanical  stress  = 

(Turns)'  X  (Currents)'    ^  ^     ^  .^. 

X  a  constant,  (3) 


(Length  of  leakage  path)' 

where  the  turns  considered  are  not  the  total  of  the  transformer, 
but  the  turns  in  that  group  which  has  the  maximum  number. 

From  the  above  equations,  it  may  be  seen  that  when  high 
reactance  is  obtained  by  massing  the  turns  in  a  small  number  of 
groups,  the  "  turns  "  factor  of  the  expression  for  mechanical 
stress  is  increased,  though  the  '*  current  "  factor  at  short  circuit 
is  reduced.  If  the  groups  are  not  kept  equal  to  each  other, 
the  maximum  stress,  which  occurs  in  the  maximum  group,  and 
which  produces  the  forces  that  are  felt  by  the  core  and  coil 
supports,  is  likely  to  be  actually  greater  under  short-circuit 
conditions  for  a  high-reactance  transformer  than  for  a  low-re- 
actance one. 

With  equal  numbers  of  turns  in  all  the  groups,  the  forces  will 
be  greater  for  the  low-reactance  transformer  than  for  the  high- 
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reactance  one  at  absolute  short  circuit  with  full  voltage  main- 
tained on  the  primary  terminals,  although  not  enough  greater  to 
make  a  very  serious  difference  in  any  case  where  the  supports  are 
designed  to  supply  a  proper  factor  of  safety  for  the  high-reactance 
transformer.  Moreover,  with  a  definite  fixed  current  flowing, 
the  force  will  be  much  smaller  for  the  low-reactance  transformer 
than  for  the  high-reactance  one,  and  with  a  comparatively  small 
external  impedance,  in  addition  to  the  impedance  of  the  trans- 
former, the  force  due  to  short 
circuit  becomes  lessfor  the  low- 
reactance  transformer  than 
for  the  high-reactance  one. 

From  the  above  it  will  be 
seen  that  very  little  is  to  be 
gained  from  the  standpoint  of 
safety  to  the  transformer  by 
the  introduction  of  high  re- 
actance within  the  trans- 
former itself.  It  is  true  that 
this  would  protect  other  parts 
of  the  system,  but  the  addi- 
tional reactance  would  be 
equally  as  effective  for  this 
purpose  outside  of  the  trans- 
former as  inside  of  it. 

This  is  illustrated  by  Fig.  1 , 
which  shows  the  mechanical 
stresses  under  short-circuit 
conditions,  in  a  transformer 
designed  for  2  per  cent  re- 
actance and  in  the  same 
transformer  when  redesigned 
for  5  per  cent  reactance. 
It  is  assumed  that  constant 
voltage  is  maintained  at  the  primary  terminals.  With  normal 
current  only  flowing,  the  mechanical  stresses  in  the  high-re- 
actance design  are  higher  than  in  the  low-reactance  design, 
but  when  short  circuit  occurs  at  the  secondary  terminals,  the 
stress  is  higher  in  the  low-reactance  design.  This  is  shown 
on  the  curve  for  zero  external  reactance.  With  the  addi- 
tion of  about  1  per  cent  external  reactance,  the  curves  cross, 
and  with  further  increase  in  external  reactance,  the  high-re- 
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Fig.  1 — Effect  of  External    Re- 
actance ON  Mechanical  Forces 
IN  Transformers 
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actance  transformer  is  subjected  to  the  greatest  strains.  With 
3  per  cent  external  reactance  added  to  the  low-reactance  de- 
sign and  none  to  the  high-reactance  design,  thus  making  the 
total  in  both  cases  5  per  cent,  the  stress  in  the  former  is  only  about 
one-fotirth  as  great  as  that  in  the  latter. 

When  short  circuit  occurs  at  some  distance  from  the  trans- 
former, the  reactance  of  the  lines  adds  to  the  transformer  re- 
actance and  ser\'^es  to  reduce  the  stresses  on  the  transformer. 
In  fact,  in  this  case  the  line  resistance  also  assists,  and  a  smaller 
value  of  external  reactance  will  cause  the  two  ciu^es  to  cross 
and  the  stresses  in  the  low-reactance  design  to  become  less  than 
those  in  the  high-reactance  design. 

The  effort  to  obtain  sufficient  reactance  for  ciurent  limiting 
pvuposes  in  an  auto-transformer  is  a  more  difficult  problem. 
These  are  frequently  used  for  a  one-to-two  ratio  of  transforma- 
tion, as,  for  instance,  in  stepping  up  the  voltage  of  a  10,000-volt 
generator  to  20,000  volts.  Here  the  auto-transformer  has  only 
half  the  rating  of  the  generator,  and  the  effect  of  its  reactance 
on  the  system  is  only  one-half  that  of  its  own  inherent  reactance. 
In  some  cases  where  it  is  necessary  to  get  the  equipment  in  the 
smallest  possible  space  or  keep  to  the  lowest  possible  costs, 
it  is  necessary  to  be  satisfied  with  what  ciurent-limiting  reactance 
can  be  placed  in  the  system  by  such  an  auto-transformer,  but 
an  exceedingly  rigid  design  of  coil  supports  then  becomes  neces- 
sary. 

When  greater  amounts  of  reactance  are  desired  for  flexibility 
in  ratio  of  transformation,  as  for  use  with  s)mchronous  conver- 
ters, the  result  can  be  obtained  by  placing  a  laminated  iron 
structure  between  primary  and  secondary  in  such  a  way  as  to 
form  a  path  for  the  leakage  flux.  If  this  iron  path  is  of  such  a 
section  as  to  carry  the  flux  corresponding  to  the  desired  reactance 
without  approaching  saturation,  the  copper  will  be  entirely 
shielded  from  eddy  currents,  and  the  transformer's  reactance 
may  be  increased  almost  without  limit.  It  is  evident,  however, 
that  the  use  of  such  a  device  does  not  extend  the  possibility 
of  current-limiting  reactance,  as  the  amount  of  iron  that  would 
be  necessary  to  carry  the  entire  flux  on  short  circuit  would 
result  in  a  prohibitive  amount  of  reactance,  from  a  regulation 
standpoint,  at  normal  loads. 

It  is  interesting  to  note  that  this  use  of  an  iron  path  for  the 
reactive  flux,  as  well  as  the  high-reactance  design  in  which  the 
flux  is  entirely  within  the  air  space  between  primary  and  second- 
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ary,  was  first  developed  in  connection  with  arc  lighting  apparatus, 
where  transformers  with  a  fixed  high  reactance  were  used  to 
obtain  regulation  characteristics  approaching  constant  current. 
The  proportioning  of  these  flux  shunts  for  transformers  with 


Fig.  2 — Diagrah  op  Core  Type  High -Resistance  Transforheb 


regulating  reactance  is  an  interesting  and  not  altogether  easy 
problem,  and  it  may  be  of  sufficient  interest,  in  view  of  the  fact 
that  it  has  been  so  recently  reduced  to  practise,  to  be  worthy  of 
comment  here. 
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Evidently  there  must  be  as  many  shunts  as  there  are  spaces 
between  primary  and  secondar\'  groups.  Evidently,  also,  the 
section  of  these  shunts  must  bear  the  same  relation  to  the  section 
of  the  core  of  the  transformer  as  the  reactance  volts^  bears 
to  the  full  voltage  of  the  transformer — this  on  the  assumption 
that  the  density  in  the  shunt  at  full  load  is  to  be  the  same  as  the 
normal  density  in  the  core  at  normal  voltage.  However,  it  is 
usually  the  case  that  if  a  straight  line  characteristic  is  to  be  ob- 
tained in  the  reactance,  say,  up  to  50  per  cent  overload,  the  sec- 
tion of  each  of  these  shunts  must  be  somewhat  larger  than  this; 
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Fig.   3 — Diagram  of  Shell  Type  High-Resistance  Transformer 


that  is,  for  15  per  cent  reactance  the  section  of  the  shunt  will 
have  to  be  perhaps  20  per  cent  of  the  section  of  the  transformer 
core. 

Again,  it  is  necessary  to  have  air  ^aps  in  this  circuit:  First, 
because  a  straight  line  characteristic  can  not  be  obtained  with 
any  magnetic  circuit  that  is  a  closed  iron  circuit;  and  second, 
because  in  any  group  of  ampere  turns  that  would  be  practical, 
a  sufficient  magnetomotive  force  would  be  obtained  to  over-, 
saturate  the  shunt  circuit  at  full  load  if  there  were  only  the  reluc- 
tance of  the  iron  circuit  to  limit  the  flux.     It  should  be  noted 
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that  the  loss  in  these  shunts  is  not  a  constant  one  like  core  loss, 
but  varies  with  the  load;  consequently,  it  affects  efficiency  as 
if  it  were  a  copper  loss.  However,  the  loss  in  the  shunts  is  small 
as  their  weight  is  very  small  compared  with  the  weight  of  the 
core. 

Figs.  2  and  3  illustrate  the  manner  in  which  these  flux  shtmts 
are  placed  in  core  type  and  shell  type  designs,  respectively. 

Figs.  4  and  5  show  the  general  appearance  of  the  concrete 
core  external  reactances  which  have  been  developed  and  suc- 
cessfully used  in  large  power  systems  to  limit  the  flow  of  current 
at  short  circuit. 


A  paper  presenttd  at  th«  276th  MuUng  q$  tk« 
American  Institute  of  Electrical  Engineers, 
New  York,  October  11.  1912. 
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THE  EFFECT  OF  TEMPERATURE  UPON  THE 
HYSTERESIS  LOSS  IN  SHEET  STEEL 


BY   MALCOLM  MAC  LAREN 


In  the  paper  which  the  writer  presented  before  the  Institute 
last  year  upon  this  subject*  it  was  shown  that  there  was  no 
apparent  change  in  the  law  governing  the  variation  of  the  hys- 
teresis loss  with  the  induction  for  all  temperatures  from  atmos- 
pheric up  to  near  the  point  where  the  steel  became  non-mag- 
netic. The  writer  suggested  at  that  time  that  the  rate  of  heating 
the  sample  might  affect  the  change  in  hysteresis  loss  with  chang- 
ing temperature  and  the  measurements  described  below  were 
carried  out  to  investigate  this  point.  It  was  thought  also  that 
some  additional  light  might  be  thrown  on  this  subject  if  hys- 
teresis loops  were  obtained  from  the  sample  near  the  non- 
magnetic temperature.  This  had  not  been  done  in  the  previous 
tests  as  the  samples  had  been  prepared  for  the  two-frequency 
method  of  measurement  in  order  to  obtain  results  quickly  at  any 
temperature  over  as  wide  a  range  of  induction  as  possible.  An 
attempt  was  made  at  that  time  to  obtain  a  few  characteristic 
loops  at  high  temperatures,  but  the  use  of  iron  wire  for  the  sec- 
ondary winding  on  the  sample  introduced  errors  on  accoimt  of 
variable  thermal  currents  in  the  galvanometer  circuit  which 
could  not  be  readily  eliminated.  It  was  also  foimd  that  the 
insulation  resistance  between  primary  and  secondary  at  high 
temperatures  was  not  sufficiently  good  to  permit  measurements 
by  the  galvanometer  method,  although  no  error  could  be  de- 
tected from  this  source  with  the  two-frequency  wattmeter 
method. 

♦Transactions  A.  I.  E.  E.,  1911,  Vol.  XXX,  I,  page  7«1. 
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Method  of  Measurement 

In  the  present  investigations  the  measurements  were  made  by 
the  method  of  slow  reversals  as  described  in  the  previous  paper. 
The  arrangement  of  connections  for  the  test  is  shown  in  Fig.  1. 
The  hysteresis  loop  is  obtained  by  first  applying  a  magnetizing 
force  H  to  the  sample  by  passing  a  current  through  the  primary 
winding.  It  is  advisable  to  reverse  this  current  several  times 
before  taking  the  observations  in  order  to  make  sure  that  the  in- 
duction in  the  sample  is  in  a  stable  condition.  The  galvano- 
meter switch  should  be  open  during  these  reversals.  The  gal- 
vanometer is  then  connected  across  the  secondary  winding  and  by 
inserting  resistance  in  the  primary  circuit  the  magnetizing  force 
is  reduced  at  such  a  rate  as  to  keep  a  constant  deflection  on  the 
galvanometer.  At  the  end  of  10  seconds,  or  any  convenient 
time  interval,  the  ammeter  reading  and  galvanometer  deflection 
are  recorded.  At  this  point  the  galvanometer  deflection  may  be 
altered  and  then  held  at  a  constant  value  for  10  seconds,  when  the 
ammeter  and  galvanometer  readings  are  again  noted.  This 
process  is  continued  until  the  current  is  reduced  to  zero,  reversed 
and  gradually  increased  until  it  reaches  the  same  value  as  at  the 
beginning  of  the  test.  The  galvanometer  readings  then  give  a 
complete  record  of  the  change  of  induction  for  a  complete  re- 
versal of  the  magnetizing  force  and  the  ammeter  readings  give 
the  corresponding  values  for  the  magnetizing  force.  In  c.  g.  s. 
units  the  change  in  induction  B  during  any  interval  is  obtained 
from  the  following  expression: 

o        kdt  10-« 

where  k   =  galvanometer  constant 
5    =  galvanometer  deflection 
/     =  time  interval  (10  seconds) 
5   =  number  of  secondary  turns 

also  H   =     ^^^     , 

where  A    =  area  of  cross-section  of  sample  in   square  centi- 
meters 

T     =  number  of  primary  turns 

=  amperes  in  prinary  winding 

»  meax^  radius  of  sample. 
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The  maximum  value  of  B  for  any  reversal  may  be  found  from 
the  following  expression: 

k  A  / 10-» 


■D  ntax     ~- 


2SXA 


where  A  is  the  sum  of  the  deflections  for  a  complete  reversal. 

It  should  be  noted  that  one  reversal  of  the  current  gives  one- 
half  of  the  hysteresis  loop.  If  the  observations  are  accurate 
this  is  sufficient,  as  the'  other  half  is  symmetrical  with  it.  In 
all  of  these  measurements,  however,  except  at  the  maximum 
temperatures,  the  observations  were  carried  through  the  entire 
cycle  or  double  reversal,  in  order  to  check  the  accuracy  of  the 
results. 

It  was  found  in  practise  that  it  was  not  always  possible  to 
keep  the  galvanometer  deflection  constant  between  readings 
and  in  such    cases    the    average    deflection   was   noted.     The 
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Fig.  1 


lime  required  for  going  through  the  cycle  was  minimized 
without  loss  in  accuracy  by  using  larger  deflections  in  the 
middle  of  a  reversal  than  were  permissible  at  the  beginning  and 
end. 

Test  Samples.  Two  samples  were  tested,  each  consisting 
of  a  number  of  sheet  steel  rings.  The  inside  diameter  was  25.4 
cm.  and  mean  diameter  26.66  cm.  Sample  1  consisted  of  a 
commercial  steel  used  for  pole  punchings.  The  average  thick- 
ness of  the  sheets  was  0.693  mm.  Sample  2  consisted  of  high- 
silicon  transformer  steel,  the  average  thickness  of  plate  being 
0.348  mm.  Sample  I  had  a  primary  winding  of  160  turns 
of  No.  18  iron  wire  and  a  secondary  of  50  turns  of  No.  20  copper 
wire.  The  cross-section  was  6.165  square  cm.  and  the  weight 
3.989  kg.  Sample  2  had  a  primary  winding  of  168  turns  and 
a  secondary  of  50  turns,  both  of  the  same  wire  as  before.     The 
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cross-section  was  6.585  square  cm,  and  the  weight  was  3.989  kg. 
In  each  case  the  rings  were  separated  at  the  center  by  U-shaped 
spacing  strips  to  allow  the  introduction  of  thermocouples.  The 
secondary  was  first  wound  on  the  sample  and  was  insulated  from 
it  by  sheet  asbestos  and  mica.  It  was  then  covered  with  a  thin 
layer  of  Portland  cement,  and  a  second  layer  of  asbestos  and 
mica.  The  primary  was  then  wound  over  this  and  distributed 
as  unifonnly  as  possible  around  the  ring.  As  the  secondary 
covered  only  about  J  of  the  ring,  the  inside  surface  of  the  re- 
mainder was  padded  with  asbestos  to  the  same  thickness  as  the 
secondary  in  order  to  assist  in  obtaining  an  even  spacing  of  the 
primary  turns.  The  whole  sample  was  then  covered  with  a 
second  layer  of  Portland  cement.  The  use  of  copper  wire  for 
the  secondary  absolutely  eliminated  the  thermal  e.m.f .  which  had 


been  present  in  ihe  earlier  samples.  As  anticipated,  however, 
it  did  not  prove  to  be  durable  for  such  high  temperature  work. 
After  one  heating  oxidation  increased  the  resistance  about  25 
per  cent  and  the  wire  became  so  brittle  that  on  one  sample  the 
terminal  broke  off  upon  removing  it  from  the  furnace.  The 
change  in  resistance  introduced  no  error  in  the  observations  as 
the  resistance  at  start  was  only  0.3  ohm,  and  total  resistance  of 
the  galvanometer  circuit  was  2450  ohms. 

The  insulation  resistance  between  primary  and  secondary 
was  about  200  megohms  when  cold  and  fell  to  less  than  one 
megohm  at  the  maximum  temperature.  At  these  extreme 
temperatures  it  was  possible  to  detect  a  mere  trace  of  leakage 
from  primary  to  secondary,  but  this  only  occurred  with  high 
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values  of  exciting  current  and  was  so  smal]  as  to  introduce  no 
appreciable  error  in  the  results. 

Electric  Furnace.  The  same  furnace  was  used  as  in  the  earlier 
experiments.  This  consisted  of  concentric  heating  coils' arranged 
to  give  as  uniform  a  temperature  as  possible  in  the  heating 
chamber.  The  temperature  was  measured  by  platinum-iridium 
thermocouples,  introduced  into  the  sample  through  small  holes 
cut  in  the  walls  of  the  furnace. 

Results 

Sample  No.  1.  In  this  series  of  measurements  the  tempera- 
ture was  increased  quickly  and  then  held  practically  constant 
while  a  set  of  observations  sufficient  for  on?  complete  cycle  was 
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being  made.  During  the  earlier  part  of  the  run  the  temperature 
was  held  constant  for  an  hour  or  more  and  then  a  second  set  of  ob- 
scr\'ations  was  made.  When  it  was  noted,  however,  that  the 
tosses  did  not  change  appreciably  during  such  intervals,  the  later 
measurements  were  made  without  holding  the  temperature  con- 
stant longer  than  was  necessary  for  one  set  of  observations.  The 
effect  of  aging  when  a  constant  high  temperature  is  maintained 
for  a  longer  period  was  well  illustrated  during  this  run  by  keeping 
the  sample  at  about  186  deg.  cent,  during  one  night. 

Representative  hysteresis  loops  taken  during  this  run  are 
shown  in  Fig.  2  and  the  results  of  the  complete  series  are  given 
in  '["able  I.  The  losses  are  also  plotted  with  reference  to  tem- 
perature in  Fig.  3.     These  are  reduced  to  a  constant  induction  ot 
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10,000,  on  the  assumption  that  the  loss  will  vary  as  the  1 .6  power 
of  the  induction. 

TABLE  I 


Time 

Temperature 

2.45  p.m. 

25  deg.  cent. 

3.66      - 

116 

5.40      ■ 

186 

8.00      ■ 

186 

9.15  a.m. 

186 

10.15      ■ 

260 

11.20      • 

300 

12.36  p.m. 

392 

2.25      ■ 

389 

3.25      " 

502 

4.15      ' 

562 

1.50      • 

640 

5.30      ' 

708 

5.40      ■ 

748 

5.50      • 

777 

Induction 


Magnet- 
izing force 


10357  B 
10686  * 
11506  * 
11473  * 
11428  • 
11457  " 
11379  ■ 
10936  ■ 
10913  " 
10676  • 
11139  - 
10986  • 
10340  • 
10149  ' 
5952  ' 


3.6 

3.6 

3.6 

3.6 

3.6 

3.6 

3.6 

3.6 

3.6 

3.85 

4.08 

4.08 

4.08 

4  08 

4  08 


H 


WatU  cor- 

Watts per  kg. 

rected  for 

at  25  cycles 

10.000  B 

1.4 

1.33 

1.355 

1.23 

1.225 

0.98 

1.235 

0.99 

1.43 

1.16 

1.255 

1.01 

1.037 

0.841 

0.85 

0.738 

0.851 

0.738 

0.662 

0.598 

0.613 

0  517 

0.489 

0.421 

0.268 

0.252 

0.1665 

0.164 

0  CM 74 

0.109 

Sample  No,  2.  The  observations  were  made  upon  this  sample 
without  holding  the  temperature  constant  for  any  extended 
period,  except  at  noon,  and  the  measurements  immediately  be- 
fore and  after  this  period  were  practically  the  same.  Some  of 
the  hysteresis  loops  taken  during  this  test  are  shown  in  Fig.  4 
and  the  variation  of  the  loss  with  the  temperature  is  shown  in 
Fig.  5.     The  results  arc  given  in  detail  in  Table  II. 


TABLE 

II 

Watts  cor- 

\ 

Magnetiz- 

Watts per 

kg. 

rected  for 

Time 

Temperature 

Inducti 

'>n 

ing  force 

at  25  cycles 

9000  B 

8.00  a.m. 

25  deg.  cent. 

9787  B 

2.52 

H 

0.052 

0.572 

9.50      " 

134 

9270 

2.52 

tt 

0.584 

0.556 

10.40      - 

225 

8820 

2 .  52 

0  520 

0.544 

11.35      " 

304 

8719 

2.77 

0.4SS 

0.511 

12.20  p.m 

408 

8482 

2  77 

0  397 

0.437 

2.35      • 

395 

8472 

2.77 

0.397 

0.438 

3.40      • 

542 

8281 

3.02 

0.342 

0.391 

4.20      - 

010 

8651 

3  30 

0  228 

0  243 

5.45       " 

725 

6818 

3.33 

0.0525 

0  082 

5.55       " 

735 

4387 

3.5 

0.018:> 

0.058 

6.05       ' 

745 

1193 

3.4 

0.00 

0.00 
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Comparing  the  results  in  the  two  cases  it  is  seen  that  there  are 
certain  variations  in  the  shape  of  the  loss  curves  although  the 
general  trend  is  the  same.  These  variations  are  quite  as  likely 
to  be  a  function  of  the  ]>revious  heat  treatment  of  the  samples  as 


of  their  chemical  composition.  It  will  be  seen  that  tne  nigh- 
silicon  steel  becomes  non-magnetic  at  a  lower  temperature  than 
the  ordinary  steel  and  also  that  its  permeability  falls  with 
increasing  temperature  throughout  the  test,  while  with  sample 
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No.  1  the  permeability  first  rises  and  then  falls  away  with 
increasing  temperature.  No  special  significance  should  be  at- 
tached to  this  last  point,  however,  as  an  inspection  of  the  hystere- 
sis loops  would  indicate  that  if  lower  inductions  had  been  used 
the  permeability  would  have  first  increased  with  the  temperature 
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in  both  cases.  Both  sets  of  experiments  show  that  the  tempera- 
ture may  be  held  constant  for  an  hour  or  more  at  a  time  durii^ 
the  nm  without  appreciably  changing  the  hysteresis  loss. 

Cooling  Curves.  A  series  of  observations  made  upon  sample 
No.  1  as  it  was  coming  into  the  magnetic  state  is  shown  in  Pig. 
6.  The  temperature  was  falling  slowly  while  these  observations 
were  being  made  and  as  the  permeability  varies  rapidly  with 
the  temperature  during  this  critical  period  it  was  apparent 
that  magnetic  changes  were  occurring  in  the  sample  while  the 
test  was  being  made,  so  that  the  value  of  B  for  the  maximum  H 
was  not  the  same  at  the  end  as  at  the  beginning  of  the  reversal, 
and   a   true   hysteresis    loop  could  not  be  plotted.    An  at- 
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tempt  was  made,  however,  to  correct  approximately  for 
this  in  the  second  set  of  observations  by  considering  the  general 
shape  of  the  curve,  from  which  it  appeared  that  the  induction 
at  start  was  about  2500  lines.  This  would  mean  that  about 
1430  lines  were  added  to  the  circuit  during  the  observations 
through  change  in  temperature.  Assuming  that  this  change 
occurred  fairly  uniformly  with  the  time,  each  observation 
may  be  corrected  to  show  the  approximate  induction  which 
would  have  existed  with  constant  temperature  by  multiplying 
1430  by  the  ratio  of  the  time  from  the  start  to  the  time  of  the 
entire  reversal  and  subtracting  this  from  the  observed  value  of  B. 
In  this  way  a  complete  loop,  as  shown  in  broken  lines  in  Fig.  6, 
was  obtained. 
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Little  importance  could  be  attached  to  a  single  set  of  obser- 
vations corrected  in  this  way  except  as  they  are  confirmed  by  tests 
upon  sample  No.  2.  In  this  case  the  temperature  fell  very  slowly 
and  the  time  required  for  taking  the  observations  for 
one  reversal  was  about  one  minute,  so  that  the  slight 
changes  occurring  in  the  magnetic  state  during  the  reversal  could 
not  materially  alter  the  shape  of  the  hysteresis  loop.  Three 
such  loops  are  shown  in  Fig.  7  and  it  is  seen  that  they  have  much 
the    same    character    as    the    loop    shown    in    Fig.   6,      The 
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difference  in  the  character  of  the  reversal  during  heating  and 
cooling  is  well  illustrated  by  comparison  with  the  dotted  Hne 
which  reproduces  in  the  proper  scale  the  last  reversal  with  rising 
temperature  as  shown  in  Fig.  5.  When  the  temperature  fell  to 
735  deg.  cent,  the  loops  became  normal.  The  writer  regrets  that 
he  has  been  unable  to  make  further  investigations  to  verify 
these  observations,  for  if  these  figures  represent  true  magnetic 
cycles  they  show  a  peculiar  molecular  condition  for  the  material 
near  the  critical  temperature. 


2034  MACLAREN:     HYSTERESIS  LOSS  [Oct.  11 

Critical  Temperature,  In  the  earlier  experiments  with  alter- 
nating current  the  temperature  at  which  the  material  became 
non-magnetic  was  quite  clearly  defined,  but  in  these  tests  with 
a  sensitive  galvanometer  it  was  possible  to  detect  a  trace  of 
magnetism  in  both  samples  eight  or  ten  degrees  above  the  tem- 
perature at  which  the  induction  ceased  to  be  measurable.  With 
alternating  current  it  appeared  that  the  material  returned  to 
magnetic  state  at  the  same  temperature  as  it  became  non-mag- 
netic, while  in  these  later  tests,  at  the  lowest  measurable  induc- 
tion the  temperature  was  about  10  deg.  lower  upon  cooling  than 
for  the  same  induction  and  magnetizing  force  with  rising  tem- 
perature. Such  differences  may  be  due  to  lack  of  uniform 
temperature  throughout  the  sample  in  every  case,  or  possibly 
the  continued  application  of  an  alternating  magnetizing  force  may 
assist  the  material  in  regaining  its  magnetic  properties.  This  point 
was  investigated  further  with  sample  No.  2  by  maintaining  a  con- 
stant magnetizing  current  in  the  primary  while  the  material  was 
passing  through  the  critical  temperature  during  both  heating  and 
cooling.  As  the  induction  fell,  through  the  loss  in  permeability,  an 
e.m.f .  was  generated  in  the  secondary  which  could  be  observed  with 
the  galvanometer.  In  order  to  get  a  measurable  deflection  under 
such  conditions  it  was  necessary  to  remove  the  external  resistance 
from  the  galvanometer  circuit  and  the  leakage  between  the  pri- 
mary and  secondary  circuits  then  caused  a  deflection  of  several 
millimeters  in  the  galvanometer,  and  it  was  not  possible  to  sharply 
define  the  point  at  which  the  galvanometer  deflection  became 
zero  due  to  the  reduction  of  the  permeability  of  the  sample  to 
unity,  but  with  rising  temperature,  this  occurred  at  approxi- 
mately 750  deg.  cent,  and  with  falling  temperature  a  reversal  in 
the  galvanometer  deflection,  indicating  a  rising  permeability, 
could  first  be  detected  at  740  deg.  cent.  The  maximum  deflec- 
tion corresponding  to  the  point  at  which  the  permeability  changed 
most  quickly  with  the  temperature  occurred  at  745  deg.  cent, 
with  rising  temperature  and  715  deg.  cent,  with  falling  tempera- 
ture. This  experiment  is  of  further  interest  in  showing  a  new, 
though  scarcely  a  commercial,  method,  of  producing  an  e.m.f.  by 
magnetic  induction  in  which  there  is  no  movement  of  conduct- 
ors in  the  magnetic  field  nor  change  in  magnetizing  current.  For 
if  a  continuous  current  is  maintained  in  the  primary  circuit  and 
the  temperatures  arc  successively  raised  and  lowered  through  the 
critical  point  an  alternating  e.m.f.  will  be  j)roduced  in  the 
secondary. 
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At  temperatures  below  the  critical  point  the  magnetic  charac- 
teristics during  heating  and  cooling  soon  coincide.  In  Fig.  7  it 
is  seen  that  sample  No.  2  has  practically  the  same  permeability 
for  rising  temperature  at  745  deg.  cent,  as  for  falling  at  739  deg, 
cent.  At  725  deg.  cent,  no  difference  in  either  permeability  or 
character  of  loop  could  be  detected. 
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Discussion  on  "  The  Use  of  Reactance  in  Transformers  " 
(Moody)  and  "  The  Effect  of  Temperature  upon  the 
Hysteresis  Loss  in  Sheet  Steel"  (MacLaren).  New 
York,  October  11, 1912. 

Philip  Torchio:  Mr.  Moody  states  that  outside  reactances 
are  equally  effective  and  in  practise  superior  to  reactance  within 
the  transformer.  Different  attempts  have  been  made  to  obtain 
a  design  of  such  reactances  that  would  give  the  best  results  as  to 
economy  and  safety,  and  also  meet  with  the  operation  and  in- 
stallation requirements  in  stations.  Mr.  Moody  gives  in  Figs. 
4  and  5  views  of  a  drum-wound  reactance  of  large  capacity.  I 
desire  to  describe  a  design  of  reactance  which  has  certain  im- 
portant features  that  might  be  of  interest  to  the  Institute  mem- 
bers. 

These  characteristic  features  are: 

1.  The  adoption  of  the  pancake  winding  instead  of  the  drum 
winding. 

2.  The  adoption  of  an  enclosed  case  and  supports  of  fireproof 
and  insulating  materials  throughout. 

By  means  of  these  two  features  several  marked  advantages 
are  obtained. 

The  pancake-wound  coil  can  be  designed  more  efficiently,  and 
for  the  same  floor  space,  of  considerably  less  height  than  an 
equivalent  drum-woimd  reactance.  This  is  due  to  the  fact  that 
windings  and  layers  can  be  placed  closer  together  for  the  same 
potential  gradient  between  layers.  It  is  also  a  well  known  fact 
that  for  the  same  outside  diameter,  the  shorter  the  coil  the  greater 
the  reactance  for  a  given  number  of  turns.  These  two  facts 
combined  make  the  drum-wound  coil,  for  approximately  the 
same  per  cent  reactance  and  the  same  floor  space,  about  twice  as 
high  as  an  equivalent  pancake-wound  co^l.  This  causes  a  greater 
leakage  of  flux,  which  creates  a  greater  tendency  to  eddy  cturent 
losses  and  requires  a  greater  length  of  conductor  and  consequently 
more  heating  and  losses. 

The  adoption  of  a  coil  with  porcelain  su[)ports  and  self-en- 
closed in  a  case  made  up  of  fireproof  and  insulating  materials 
gives  a  greater  factor  of  safety  and  other  obvious  practical  ad- 
vantages to  the  user. 

These  self -enclosed,  self -cooled  reactances  are  built  of  hori- 
zontally wound  spirals  supported  and  insulated  by  porcelain 
arms  with  suitable  recesses  for  the  windings;  the  anns  are  as- 
sembled radially  as  vertical  walls  between  a  center  core  of  alberene 
stone  and  outer  enclosing  wall  built  up  of  sj)ociid  porcelain  seg- 
ments. These  cellular  compiirtnients  as  formed  allow  nattiral 
ventilation  for  the  coil.  The  whole  is  sup]:)orte(l  at  the  two  ends 
by  heavy  concrete  headers,  securely  fastened  to  the  wall  by  a 
series  of  brass  b^Uls  passing  tlirough  the  heads  and  the  special 
porcelain  segments  from  to])  to  bottom.  Ventilating  holes  cro- 
respond  with  each  vertical  cellular  compartment  of  the  coils. 
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The  heating  is  very  small  and  considerably  less  than  the  heat- 
ing of  the  generator  itself,  which  was  accomplished  by  a  special 
treatment  and  design  of  the  stranded  conductors.  These  con- 
ductors are  also  insiilated  throughout  to  prevent  short  circuits 
.  from  foreign  objects  falling  or  being  drawn  into  the  coil.  Each 
coil  is  tested  to  ground  at  five  times  the  working  potential. 

Figs.  1  and  2  show  the  separate  pieces  and  an  assembly  section 
of  the  different  insiilating  materials  for  encasing  the  coil.  Fig.  3 
shows  a  top  view  of  a  coil  imder  construction,  showing  the  way 
the  winding  is  laid  in  the  porcelain  arms.  The  brass  rods  are 
insulated  by  mica  tubes  throughout  their  length.  Fig.  4  is  a 
photograph  of  a  set  of  three  coils  in  service.  The  coils  are  rest- 
ing upon  eight  small  concrete  pillars  and  insulators  to  allow  air 
space  for  natural  ventilation.  The  over-all  dimensions  are  59  in. 
(1.5  m.)  in  diameter  and  55  in.  (1.4  m.)  in  height.  The  winding 
inside  the  case  is  45  in.  (1.14  m.)  diameter  and  the  height  over 
copper  is  30  in.  (0.76  m.) 

The  same  design  is  used  for  different  sizes  of  generators  and 
different  frequencies,  the  only  changes  required  being  in  the 
number,  size  and  shape  of  slots  in  the  radial  arms,  and  the  niun- 
ber  of  layers  assembled  in  one  coil. 

The  following  table  gives  the  constants  of  a  set  of  reactances 
operating  on  three  20,000-kw.,  6600- volt,  25-cycle  generators  in- 
stalled by  the  New  York  Edison  Company.  The  table  also 
gives  the  resiilts  for  the  same  coil  at  62 J  cycles;  the  latter  to  be 
used  for  a  sectionalizing  bus  reactance  in  a  large  station. 

62i  Cycles  25  Cycles 

Number  of  turns 34.  34. 

Reactance  in  ohms 0.227  0.0914 

Reactance  in  per  cent 10. 4  per  cent  4.2  per  cent 

Equivalent  resistance 0. 00264  0 .  00204 

Ohmic  resistance 0.00197  0.00195 

Calculated  a-c.  resistance 0.00215  0.00198 

Current 1750.            amps.  1750.             amps. 

I^R  losses 6.57         kw.  per  coil  6.05        lew.  per  coil 

Poucault  losses 1 .  17         kw.  per  coil  0. 1S6      kw.  per  coil 

Total  losses 7 .  81          kw.  per  coil  6 .  236      kw.  x>er  cod 

Temperature  rise  full  load  3  hours  43.7  deg.  cent.  33.  deg.  cent, 

L.  W.  Chubb  (by  letter) :  Professor  MacLaren's  paper  is  cer- 
tainly a  valuable  addition  to  the  general  knowledge  of  the  in- 
fluence of  heat  upon  the  magnetic  properties  of  sheet  steel.  Such 
papers  on  magnetic  phenomena  not  only  add  the  data  given  but 
arc  unusually  fruitful  because  of  the  suggestions  for  future  work. 

The  paper  by  the  same  author  last  year  was  of  great  value 
because  it  showed  that  the  law  of  variation  between  loss  and 
magnetic  induction  was  practically  the  same  at  all  temperatures. 
The  suggestion  made  that  rate  of  heating  probably  affected  the 
change  in  loss  has  been  covered  briefly  by  the  paper  under  dis- 
cussion, but  the  relation  between  loss  and  temperature,  as  a 
function  of  rate  of  temperature  change,  is  too  involved,  and 
depends  upon  too  many  variables,  to  be  disclosed  by  a  few  tests 
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on  a  few  samples  of  steel.  The  general  trend  of  the  curve  is 
shown  by  the  tests  and  some  very  interesting  points  have  been 
brought  out  because  the  author  not  only  gives  resiilts  of  the 
hysteresis  or  loop  area,  but  has  given  the  actual  loops  and  thereby 
shown  the  relation  between  permeability  and  temperature.  The 
changes  in  shape  of  the  hysteresis  loops  and  the  odd  shapes  at  the 
magnetic-point  are  very  interesting. 

In  the  work  with  which  I  have  been  connected,  a  limited 
number  of  experiments  were  made  to  find  the  effect  of  rate  of 
change  of  temperature  upon  the  loss  at  different  temperatures, 
and  to  determine  if  any  great  change  in  the  cycle  of  temperature 
woiild  have  its  effect  upon  the  losses.  The  results  were  too  vari- 
able to  be  of  value  and  it  was  necessary  to  study  only  the  effect 
of  the  heat  cycle  upon  the  losses  at  atmospheric  temperatures 
before  and  after  heating.  This  of  course  is  the  familiar  problem 
of  annealing.  Within  certain  limits  of  temperatures  the  rate  of 
change  in  temperature  has  the  opposite  effect  upon  the  instan- 
taneous value  of  the  loss.  A  pause  in  temperature  at  some  values 
will  have  no  effect  on  the  loss,  at  others  it  will  raise  such  loss,  and 
at  others  it  will  lower  the  loss.  Tests  show  that  although  such 
holding  of  temperature  may  not  change  the  loss  at  the  given 
temperature  it  will  change  the  loss  at  other  temperatures.  Also 
at  certain  points  a  pause  in  temperature  that  will  appreciably 
age  the  steel  at  the  given  point  while  held  constant  will  cause  a 
lowering  of  the  intrinsic  loss  at  other  temperatures,  other  parts 
of  the  temperature  cycle  being  the  same. 

The  study  of  temperature  cycles  on  the  final  losses  at  tem- 
peratures at  which  laminated  cores  operate  is  of  the  greatest 
importance  and  it  is  this  study  which  will  probably  result  in  the 
greatest  improvements  in  sheet  steel  in  the  near  future. 

The  arrangement  of  samples  which  was  used  under  test  may  be 
of  interest.  The  first  tests  were  made  upon  small  shell-type 
punchings  built  into  coils  of  asbestos-covered  wire.  The  results 
were  not  accurate  but  were  relative.  The  later  tests  were  made 
by  placing  a  ring  sample  arotmd  the  leg  of  a  large  transformer 
core  and  heating  it  as  a  short-circuited  secondary.  The  sample 
was  taped  with  several  layers  of  asbestos  tape  and  wound  with  a 
primary  and  secondary  of  asbestos-covered  wire.  The  tem- 
perature of  the  ring  sample  was  very  uniform  and  could  easily 
be  controlled  by  variation  of  flux  in  the  transformer  core.  The 
sample  was  so  well  heat-insulated  that  the  windings  were  rel- 
atively cool  and  gave  no  oxidation  trouble.  The  wattmeter 
method  was  used  in  both  cases. 

Professor  MacLaren^s  loops  are  certainly  a  recommendation 
for  the  method  of  **  slow  reversals  "  and  the  points  plotted  seem 
to  show  great  accuracy.  I  believe  that  the  results  are  worthy  of 
carefiil  analysis  and  that  it  is  to  be  regretted  that  all  of  the  loops 
were  not  reproduced  in  the  paper  so  that  the  progressive  changes 
in  magnetizing  components  could  be  followed. 

C.  A.  Adams:  Mr.  Moody's  very  interesting  and  instructive 
paper  illustrates  a  not  imcommon  experience  in  the  development 
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of  electrical  plant  and  apparatus;  namely,  that  when  a  certain 
size  is  reached,  qualities  which  for  smaller  sizes  were  considered 
as  objectionable  and  the  reduction  of  which  was  considered  of 
sufficient  moment  to  warrant  the  partial  sacrifice  of  other  de- 
sirable qualities,  pass  through  a  critical  stage  and  we  suddenly 
find  ourselves  straining  other  points  in  design  in  order  to  in- 
crease this  erstwhile  objectionable  feature. 

The  reason  for  this  is  usually  the  appearance  of  a  new  limita- 
tion, such  as  that  of  mechanical  strength  in  the  present  instance. 
But  why  shoiild  this  limitation  appear  in  large  rather  than  in 
small  sizes,  since  the  short-circuit  current  of  a  transformer  in 
terms  of  its  full  load  current,  does  not  increase  considerably  with 
size  beyond  a  comparatively  low  limit?  Here  is  an  inter- 
esting illustration  of  the  operation  of  one  of  those  laws  con- 
necting the  quality  of  a  physical  organism  or  piece  of  apparatus 
with  its  linear  dimensions.  A  large  piece  of  stone  will  fall  through 
the  air  without  feeling  appreciably  the  atmospheric  resistance, 
but  a  sufficiently  small  piece  of  the  same  stone  will  float  in  the 
same  air  as  a  dust  particle,  because  the  weight  decreases  as  the 
cube  and  the  friction  surface  as  the  square  of  a  linear  dimension. 
A  flea  can  jump  hundreds  of  times  his  own  length,  but  an  elephant 
can't  jump  at  all,  because  weight  increases  as  the  cube  and 
muscle  cross-section  only  as  the  square  of  a  linear  dimension. 
Numerous  other  illustrations  of  the  most  fimdamental  nature 
coiild  be  provided  to  explain  other  limitations  and  critical 
values. 

The  connection  between  the  relative  mechanical  strength  of 
a  transformer  coil  under  short-circuit  and  the  size  of  the  trans- 
former, is  not  quite  so  obvious;  but  as  it  may  be  of  interest  to 
many  here,  I  will  attempt  to  explain  it  briefly. 

Imagine  every  linear  dimension  of  a  transformer  to  be  increased 
in  a  certain  ratio,  the  current  density  in  the  copper  and  flux 
density  in  the  core  remaining  the  same;  the  cross-section  of  the 
magnetic  leakage  path  will  increase  as  the  square,  its  length  as 
the  first  power,  and  therefore  its  permanence  as  the  first  power 
of  the  linear  increase.  The  current  linked  with  this  path  will 
increase  as  the  square  and  therefore  the  flux  as  the  cube.  The 
usefiil  flux  will  increase  as  the  square;  therefore  the  per  cent 
leakage  flux  and  the  per  cent  reactance  will  increase  as  the  first 
power.  To  avoid  this  increase  a  larger  number  of  interfacings 
between  the  primary  and  secondary  coils  is  ordinarily  employed 
in  the  larger  sizes. 

Assume  first  that  the  number  of  interfacings  is  not  changed. 
The  leakage  flux  density  will  increase  as  the  first  power,  the  cur- 
rent as  the  square,  the  length  of  current  path  as  the  first  power, 
and  the  mechanical  reaction  of  the  two  on  each  other  as  the  fourth 
power  of  the  linear  dimension.  Moreover  the  length  of  the  coil 
extension  and  thus  the  lever  arm  of  this  force  will  increase  as  the 
first  power,  and  the  moment  of  the  force  about  the  coil  support  as 
the  fifth  power. 
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If  the  coil  section  were  solid  in  each  case,  the  moment  of  inertia 
of  its  cross-section  and  its  stiffness  would  increase  as  the  fourth 
power,  and  therefore  its  relative  stiffness  inversely  as  the  first 
power.  But  if  the  coil  is  built  up  of  wire,  the  linear  dimension 
of  whose  cross-section  does  not  increase  as  much  as  the  linear 
dimension  of  the  transformer,  the  stiffness  will  increase  by  less . 
than  the  fourth  power,  and  the  relative  strength  be  still  less 
than  inversely  as  the  first  power. 

Assimie  now  that  for  purposes  of  ventilation,  the  coils  are 
kept  at  the  same  thickness,  and  that  in  order  to  keep  down  the 
reactance,  the  interfacings  between  the  primary  and  secondary 
coils  increases  as  the  linear  dimension.  This  approaches  ap- 
proximately to  common  practise.  Then  the  leakage  flux  density 
will  be  the  same,  the  current  in  a  single  coil  will  increase  as  the 
first  power  of  the  linear  increase,  the  length  of  the  current  path 
as  the  first  power,  and  the  lever  arm  as  the  first  power.  Thus 
the  bending  moment  will  increase  as  the  cube.  But  as  the  stiff- 
ness will  increase  as  the  first  power  only,  the  relative  strength 
will  be  inversely  as  the  square  of  the  linear  increase. 

If,  in  order  to  increase  the  reactance,  n  of  these  same  primary 
coils  be  grouped  together  in  place  of  being  Interlaced  with  sec- 
ondary coils,  but  are  separated  from  each  other  for  ventilation 
purposes,  the  density  of  the  leakage  flux  adjacent  to  the  outside 

coil  will  be  n  times  as  great  and  thus  the  relative  strength  — 

ft 

times  as  great  as  for  the  completely  interlaced  arrangement  of 
the  same  coils  and  the  same  short-circuit  current;  but  the  latter 
will  be  much  less  owing  to  the  n*  times  as  much  reactance. 

With  the  common  method  of  construction  there  is  thus  a  limit 
of  size  beyond  which  extraordinary  methods  of  coil  support, 
or  some  form  of  current  limiting  reactance,  must  be  employed. 

David  B.  Rushmore:  The  very  interesting  subject  brought 
up  by  Mr.  Moody,  is,  I  think,  indicative  of  one  of  the  critical 
changes  that  are  taking  place  in  electrical  development.  In 
much  of  our  historical  work  we  alter  and  improve  by  very  slow 
methods  up  to  a  certain  point,  and  then  we  are  apt  to  make  very 
radical  changes.  As  we  all  know,  in  the  small  apparatus  which 
we  have  been  using  there  was  sufficient  inherent  reactance  to 
furnish  the  desirable  characteristics;  but  the  very  large  power 
stations  of  the  present  day  have  brought  into  play  such  large 
concentrations  of  energy  that  the  destructive  effects  are  no 
longer  controlled  by  the  natural  characteristics  of  the  apparatus, 
and  we  have  had  to  introduce  artificially  into  such  machines  and 
into  such  systems  qualities  which  previously  we  bent  all  our  efforts 
towards  keeping  out. 

When  we  think  of  what  reactance  is  and  why  we  introduce  it, 
in  general  terms,  or  why  we  do  not  want  it  and  why  we  have  got 
to  have  it,  the  thought  comes  to  us  that  reactance  is  comparable 
to  inertia.     In  other  words,  it  introduces  inertia  into  electrical 
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movement.  It  introduces  into  inertia  a  capacity  for  the  storage 
of  energy  and  also  a  capacity  for  the  reflection  of  wave  motion. 
Reactance  is  used  in  some  places  for  one  reason,  and  in  other 
places  for  still  another  reason.  The  tremendous  mechanical 
force  brought  into  play  by  the  short-circuit  current,  and  especial- 
ly the  instantaneous  short-circuit  currents  of  apparatus  and  in- 
stallation, is  so  great  that  it  has  to  be  lowered  in  some  artificial 
way. 

In  introducing  the  reactance  into  machines,  speaking  now 
especially  of  the  subject  of  alternators,  we  are  confronted  with 
the  fact  that  in  all  designing  a  compromise  has  to  be  made. 
The  desirable  qualities  of  reaction  when  put  into  a  machine 
introduce  certain  undesirable  features  of  bad  regulation,  and  also 
the  fact  that  practically  all  voltage  fluctuations  that  we  get  are 
across  reactance.  I  shall  always  feel  indebted  to  Prof.  Rosa  for 
an  article  which  he  wrote  years  ago,  which  expounded  to  my 
youthful  mind  how  we  coiild  neutralize  capacity  in  reactance 
and  what  actually  happened. 

Introducing  reactance  into  transformers  also  introduces  the 
possibility  of  a  very  serious  rise  of  potential,  especially  with 
high-frequency  currents.  These  are  naturally  guarded  against 
in  other  ways,  but  still  this  is  the  reason  why  in  generators,  for 
example,  it  is  one  of  a  number  of  points  which  make  it  desirable 
to  put  the  reactance  outside  of  the  machine  rather  than  to  intro- 
duce it  all  into  the  armature,  and  in  that  way  sacrificing  other 
qualities  of  manufacture,  repair,  and  conditions  of  operation. 
Introducing  it  into  the  transformer,  as  Mr.  Moody  has  explained, 
does  not  protect  the  transformer  itself;  and  the  reactance  is  now 
finding  a  considerably  wider  application  in  busbars,  together 
with  its  introduction  into  machines. 

Reactance  is  also  used — and  very  likely  in  the  future  will  be 
used  to  a  much  larger  extent  still — for  another  purpose  which  has 
been  mentioned,  namely,  that  of  protection  against  high-fre- 
quency and  high-voltage  disturbances.  A  person  naturally 
wonders  why  iron  is  not  used  with  current-limiting  reactances. 
Natiu-ally  one  would  think  that  it  would  be  very  much  more 
efficient  and  thus  reduce  the  size  of  the  coils.  The  densities, 
however,  that  are  employed,  are  so  great  that  iron  is  of  no  bene- 
fit. It  is  quite  startling  when  you  think  of  magnetizing  the  sur- 
rounding air. 

While  it  is  rather  difficiilt  to  add  much  that  is  new  to  the 
discussion  without  entering  the  field  of  speciilation,  I  think  it 
can  well  be  said  that  the  use  of  reactance  both  for  current- 
limiting  devices  and  self -protecting  devices  is  undoubtedly  to 
increase  much  in  the  future.  It  is  one  of  the  refinements  of  the 
art  which  is  going  to  be  studied ;  it  is  a  new  refinement  of  analysis, 
and  I  think  the  work  of  the  engineer  in  the  future  is  going  to  be 
very  largely  concerned  with  the  proper  use  and  application  of 
such  reactances. 

W.  M.  McConahey  (by  letter) :  Mr.  Moody^s  paper  is  very 
timely  as  it  deals  with  a  phase  of  transformer  design  that  is.ol 
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great  importance  in  large  power  transformers  and,  generally 
speaking,  is  but  imperfectly  understood. 

Low  reactance  has  been  considered  desirable  because  of  the 
good  regulation  it  gives  on  inductive  load.  With  large  power 
transformers  this  is  unimportant.  What  is  of  great  importance, 
however,  is  that  the  reactance  be  of  such  a  value  that  the  mechan- 
ical stresses  on  short  circuit  will  not  be  such  as  to  make  it  difficult 
to  prevent  damage  to  the  windings.  There  is  a  widespread  im- 
pression that  merely  changing  the  design  so  as  to  increase  the 
reactance  will  reduce  the  short-circuit  stresses.  This  is  true  only 
within  limits  and  in  some  cases  an  increase  in  the  reactance  will 
actually  increase  the  stresses. 

Formiila  (I)  of  Mr.  Moody's  paper  shows  the  elements  that 
enter  in  to  determine  the  reactance  of  a  transformer  and  formula 
(III)  shows  those  that  enter  in  to  determine  the  short-circuit 
stress  s,  the  current  in  the  latter  case  being  that  which  flows  on 
short  circuit  and  which  is  determined  by  the  impedance  of  the 
transformer.  An  inspection  of  these  formulas  shows  that  prac- 
tically the  same  elements  enter  into  both,  thus  indicating  the 
close  relation  between  reactance  and  short-circuit  stresses. 

In  large  transformers  of  50  or  60  cycles,  particularly  if  they  are 
for  high  voltage,  it  is  not  difficiilt  so  to  proportion  the  design  that 
they  will  stand  up  successfully  under  the  most  severcjshort-circuit 
conditions.  For  25  cycles  the  problem  is  much  more  difficult 
and  if  the  voltage  is  comparatively  low,  the  difficulties  are  still 
further  increased.  However,  by  careful  designing  and  the  use  of 
substantial  mechanical  construction,  satisfactory  low-frequency 
transformers  can  be  built  in  moderate  sizes  without  resorting  to 
any  special  form  of  construction  or  the  use  of  outside  protective 
reactances,  but  in  very  large  sizes,  one  of  these  si)ecial  methods 
of  protecting  the  windings  against  excessive  mechanical  stress 
may  have  to  be  employed. 

As  stated  by  Mr.  Moody,  in  a  2:1  auto-transformcr  the  effect 
of  the  reactance  is  reduced  by  one-half.  In  a  recent  case  in- 
volving the  design  of  some  2:1  auto-tranvsformers  for  railway 
service,  the  short-circuit  stresses  were  found  to  be  so  heavy  that 
it  was  deemed  advisable  to  reduce  them  by  a  mechanical  separa- 
tion of  the  primary  and  secondary  parts  of  the  winding.  This 
of  course  increased  the  cost  of  the  transformer,  but  it  is  cheaper  ' 
than  supplying  outside  reactances,  which  in  this  case  would  not 
have  been  acceptable. 

Exceedingly  low  reactance,  giving  very  close  regulation  on 
inductive  load,  not  only  makes  it  difficult  to  l)racc  the  coils 
securely  but  it  also  increases  the  cost. 

The  scheme  of  placing  strips  of  laminated  iron  between  the 
primary  and  secondary  coils  in  order  to  increase  the  leakage  flux 
and  thus  secure  high  reactance  in  transformers,  particularly 
for  operating  synchronous  converters,  is  one  that  the  writer  tried 
out  as  far  back  as  1899  and  has  used  many  times  since  with  entire 
success.     I  cannot  quite  agree  with  Mr.  Moody  that  by  this 
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vSchenic  *'  the  copper  will  be  entirely  shielded  from  eddy  currents" 
because  there  will  be  leakage  flux  inside  the  coils  themselves  as 
well  as  in  the  space  occupied  by  the  laminated  iron,  and  there 
will  also  be  a  fringing  flux  cutting  into  the  coils  aroimd  the  air 
gaps  in  the  iron.  These  fluxes  will  have  an  appreciable  effect  in 
producing  eddy  currents  in  the  copper.  With  this  scheme,  how- 
ever, high  reactance  can  be  secured  with  much  less  eddy  current 
loss  than  with  the  ordinary  type  of  design,  because  a  compara- 
tively small  number  of  tiuns  can  be  used  in  the  windings,  thus 
securing  a  low  magnetomotive  force  and  consequently  a  weak 
leakage  field  through  the  windings. 

Charles  F.  Scott:  Mr.  Moody's  paper  presents  the  subject 
in  a  simple,  clear  and  analytical  way,  and  the  author  has  made 
himself  understood  without  very  many  differential  equations. 

In  placing  the  iron  shunts  between  the  coils,  he  says  that  they 
can  be  used  to  modify  the  regulation  of  the  transformer  up  to 
say  50  ])er  cent  overload,  but  that  this  is  not  a  remedy  for  ex- 
cessive current  on  short  circuit. 

In  this  connection  I  have  been  looking  at  Fig.  3,  showing  the 
cross-section  of  the  transformer,  and  have  been  trying  to  imagine 
what  the  probable  effect  would  be  with  a  ciurent  on  short  cir- 
cuit. As  I  understand  the  situation  it  is  that  as  ciurent  is  in- 
creased above  normal  the  reactance  continues  to  be  very  high 
until  the  saturation  of  the  shimt  prevents  its  becoming  propor- 
tionately greater,  so  that  the  transformer  on  short  circuit  would 
probably  give,  say.  three-quarters  of  the  ciurent  that  it  would 
without  the  shunts.  In  order  to  make  the  shunts  fully  effective 
under  conditions  of  short  circuit  it  would  be  necessary  to  make 
them  pretty  large.  If  that  were  done  in  Fig.  3,  the  shunts  would 
present  a  total  area  equal  to  a  large  fraction  of  the  area  of  the 
main  core  of  the  transformer,  which  would  introduce  a  number 
of  difficulties  and  complications. 

Prof.  MacLaren's  Fig.  1,  in  which  he  shows  a  ring  with  a  pri- 
mary and  a  secondary  coil  around  it,  leads  me  to  remember 
that  some  seventeen  or  eighteen  years  ago  he  and  I  were  associ- 
ated together  in  some  work  of  this  kind.  The  diagram  here 
represents  very  nearly  the  conditions  which  we  had  then.  Our 
ring  was  some  four  in.  (10  cm.)  thick,  something  like  five  ft. 
(1.5  m.)  high,  and  about  12  ft.  (3.6  m.)  in  diameter.  It  was  one 
of  the  large  nickel  steel  rings  used  on  the  first  of  the  Niagara 
generators.  The  interesting  feature  was  that  we  got  away  from  a 
delicate  fiber  suspension  galvanometer,  and  could  maintain  a 
constant  reading  on  a  voltmeter,  of  a  volt  or  two,  for  some  time 
while  the  current  through  the  primary  was  increased.  Indeed, 
it  was  increased  at  such  a  rate  as  to  keep  the  reading  on  the 
secondary  constant.  As  I  recall  it  now,  a  period  of  something 
like  ten  minutes  could  be  occupied  in  keeping  a  constant  voltage 
on  the  secondary  by  slowly  increasing  the  current  flowing  aroimd 
the    big    ring. 

H.  M.  Hobart:  Years  ago  we  used  to  make  alternators  and 
transformers  less  satisfactory  and  more  expensive  than  they 
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otherwise  need  have  been  in  order  to  keep  the  reactance  very 
low.  The  present  tendency  is  perhaps  to  make  them  still  less 
satisfactory  and  more  expensive  than  they  otherwise  need  be  in 
order  to  make  the  reactance  somewhat  higher  than  would  con- 
form to  their  natural  characteristics. 

My  own  opinion  is  that  when  we  try  to  give  a  transformer  or 
an  alternator  a  high  internal  reactance,  the  result  is  a  bad  trans- 
former or  a  bad  alternator  and  a  bad  reactance:  and  I  think  that 
generally  the  best  economic  solution  of  the  problem  is  to  make  the 
transformer  as  good  as  it  can  possibly  be  from  all  standpoints  and 
then  if  we  need  further  reactance,  put  in  a  reactance  as  a  separate 
external  item.  That  seems  to  me  to  be  substantially  the  con- 
clusion at  which  Mr.  Moody  arrives,  and  I  shoiild  be  interested 
in  hearing  his  comment  on  this  summing  up  of  the  situation. 
Of  course,  as  Mr.  Moody  has  pointed  out,  the  natiu^al  reactance 
will  be  higher,  the  higher  the  voltage  of  the  transformer,  and  in 
the  case  of  very  high  voltage  transformers  a  considerable  pro- 
portion of  the  desired  reactance  can  be  obtained  in  the  trans- 
former itself,  without  sacrifice  of  other  characteristics.  But  the 
point  to  be  emphasized,  as  it  seems  to  me,  is  that  we  should  de- 
sign a  transformer  from  the  standpoint  of  heating  and  efficiency 
and  mechanical  strength,  and  let  the  reactance  come  whatever 
it  will,  and  then  put  whatever  further  reactance  we  desire, 
outside  of  the  transformer.  The  introduction  of  iron  to  increase 
reactance  is  a  more  undesirable  means  than  it  would  appear  at 
first  thought.  We  usually  estimate  the  efficiency  of  transform- 
ers or  of  alternators  by  summing  up  the  segregated  losses,  and 
we  do  not  take  into  accotmt  the  so-called  "  parasitic  "  losses 
which  we  have  at  full  load.  These  **  parasitic  '*  losses  are  liable 
to  be  considerably  increased  if  we  employ  magnetic  material  in 
the  leakage  paths.  Moreover  the  increased  reactance  obtained 
by  the  employment  of  magnetic  material  in  this  way,  while 
present  at  moderate  loads  when  we  do  not  require  it,  (when,  in 
fact,  it  is  ver>^  undesirable),  is  not  present  to  any  appreciable 
extent  under  the  conditions  of  short-circuit.  This  is  because,  for 
the  enormous  magnetomotive  forces  present  in  the  leakage  mag- 
netic circuit  at  short-circuit,  the  permeability  of  iron  is  scarcely 
in  excess  of  unity,  the  permeability  of  air. 

M.  V.  Ayres :  I  woiild  like  to  say  a  few  words  in  regard  to  Mr. 
Moody's  paper,  more  from  the  point  of  view  of  the  designer  of 
the  substation  than  of  the  designer  of  the  transformer.  I  would 
take  issue  with  the  last  speaker  in  regard  to  the  desirability  of 
designing  a  transformer  and  then  putting  the  reactance  outside. 
It  seems  to  me  that  in  the  case  of  the  railway  substation,  where 
reactance  is  required  for  voltage  regulation,  the  method  of  put- 
ting the  reactance  inside  of  the  transformer  fills  a  long-felt  want. 
A  separate  reactance  for  the  purpose  is  a  great  deal  of  a  nuisance 
from  the  point  of  view  of  building  and  equipping  a  substation.  It 
practically  takes  up  a  great  deal  more  room  then  its  mere  floor 
area  would  seem  to  indicate,  and  requires  arrangement  and  ad- 
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justment  of  other  apparatus  just  on  account  of  finding  the  space 
to  put  the  reactance;  and  the  wiring  of  the  secondary  is  always 
rather  awkward  on  account  of  the  very  heavy  conductor  used. 
Of  course,  it  is  true  that  the  transfonner  with  the  reactance 
feature  woiild  not  have  as  good  efficiency  at  full  load,  but  it 
would  seem  probable  that  it  would  have  as  good  efficiency  at  full 
load  as  a  transformer  plus  a  separate  reactance  coil.  If  so,  that  is 
a  sufficient  answer  to  that  objection. 

As  to  the  use  of  reactance  in  transformers  for  very  high  voltage 
circuits  and  in  installations  of  very  large  kilowatt  capacity,  I  do 
not  feel  able  to  speak  definitely.  I  only  wanted  to  maJce  the 
point  that  for  railway  substations  where  reactance  is  required 
for  voltage  regiilation,  it  seems  to  me  that  this  would  be  a  very 
great  step  in  advance. 

W.  S.  Moody:  I  am  afraid  that  I  was  not  very  logical,  in 
view  of  the  title  of  my  paper,  in  referring  at  all  to  these  external 
reactances,  and  without  cuts  or  illustrations  it  will  be  difficult 
for  me  to  describe  in  detail  any  of  the  types  that  have  been  con- 
structed. 

Just  what  form  it  is  best  to  use  in  a  given  case  depends  upon 
very  many  factors — the  ciu-rent  that  you  have  to  handle,  the 
voltage,  whether  they  must  be  transported,  and  so  forth.  As 
yet  there  has  not  been  much  opportimity  to  test  the  relative 
advantages,  for  fortunately,  short  circuits  do  not  occur  every 
day,  and  so  as  yet  we  cannot  say  whether  one  form  or  another 
form  mil  stand  up  best  tmder  such  strains.  It  is  well  that  more 
than  one  form  is  being  tried  out,  and  I  hope  that  some  time  in 
the  near  future  we  will  have  enough  data  to  show  what  particular 
form  is  the  best  for  average  conditions. 

In  the  communication  read  from  Mr.  McConahey  he  pointed 
out  something  in  my  paper  that  was  not  stated  as  clearly  as 
it  should  have  been.  He  states  that  the  magnetic  shtmts  in 
transformers  will  not  necessarily  protect  the  windings  from  any 
eddy  currents  that  would  result  from  the  flux  passing  through. 
I  had  reference  in  my  remarks  entirely  to  the  extra  flux  that  is 
created  by  the  presence  of  iron.  It  is  easy  to  see  that  the  trans- 
former must  be  designed  so  that  if  the  iron  was  not  there  the  flux 
would  be  sufficiently  low  so  as  to  cause  no  appreciable  eddy  in  the 
conductors.  If  that  is  so,  then  the  addition  of  the  shimts  will 
create  a  much  greater  flux,  and  that  additional  flux  will  not  cut 
through  the  copper,  as  the  fluxdensitv  in  the  air  and  the  copper 
will  remain  constant,  because  the  magnetomotive  force  causing 
them  remains  constant. 

The  reason  why  iron  cannot  be  used  advantageously  in  devices 
designed  to  limit  current  on  short  circuit  is  simply  because  you 
have  in  a  large  transformer,  even  when  the  primary  and  second- 
ary are  well  subdivided,  ampere  turns  enough  so  that  you  would 
over-saturate  the  iron,  unless  so  large  a  cross-section  be  provided 
as  to  give  too  much  reactance  at  time  of  normal  load.  Similarly 
in  these  current-limiting  reactances  that  are  external  to  the  trans- 
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formers,  for,  under  the  conditions  of  short  circuit,  the  flux  in  the 
air  is  well  above  the  saturation  point  of  iron.  So  there  would 
be  practically  no  greater  flux  there  if  iron  were  present. 

Ralph  D.  Mershon:  Are  the  concrete  forms,  that  you  wind 
the  resistance  on,  reinforced? 

W.  S.  Moody:  No.  We  have  never  felt  that  it  was  safe 
to  reinforce  them,  as  iron  or  any  other  metal  that  might  be  used 
to  reinforce  them  might  heat  sufficiently  from  eddy  currents  to 
crack  the  cement. 

Ralph  D.  Mershon:  How  do  you  insulate  the  coils  on  the 
concrete  form? 

W.  S.  Moody:  The  conductors  are  bare  and  insulated  by 
treated  wood,  with  asbestos  as  a  heat  insulation  between  the  con- 
ductor and  wood. 

Malcolm  Mac  Laren :  The  onlv  comment  that  I  have  to  make 
is  to  emphasize  what  Mr.  Chubb  said  about  the  extreme  sensibil- 
ity of  steel  to  its  heat  treatment.  Difl:erent  samples  taken  from 
the  same  consignment  may  show  widely  different  loss  character- 
istics, if  subjected  to  slightly  different  treatment,  and  the  laws 
which  govern  the  various  factors  entering  into  the  problem  are  so 
complicated  that  it  will  probably  be  necessary  to  gather  a  great 
many  additional  data  before  any  systematic  attempt  can  be  made 
to  generalize  on  the  subject. 

W.  L.  Waters  (communicated  after  adjournment):  Mr. 
Moody's  paper  gives  a  complete  resume  of  the  present  state  of 
transformer  design  as  affected  by  the  presence  of  internal  react- 
ance. It  is  also  interesting  as  indicating  how  early  engineers 
understood  the  effect  of  reactances  on  the  oi)eralion  of  transform- 
ers. The  explanation  given  by  Mr.  S.  Z.  de  Ferranti  of  the 
effect  of  internal  self-induction  in  limiting  the  secondary  current 
and  influencing  the  regulation  of  a  transformer  is  i)ractically  as 
complete  as  that  given  by  Mr.  Moody.  Mr.  Ferranti's  explana- 
tion was  given  20  years  ago  when  lie  installed  his  first  constant- 
current  arc  lighting  transformer  ()i)erated  by  the  magnetic  re- 
pulsion of  the  primary  and  secondary  windings,  this  transformer 
being  almost  an  exact  duplicate  of  the  series  arc  lighting  trans- 
former as  used  today.  The  development  of  distribution  sys- 
tems involving  the  parallel  connection  of  transformers  on  a  light- 
ing network  resulted  in  engineers  reducing  the  self -induction  of 
transformers  to  a  minimum,  in  order  to  improve  the  regulation; 
and  as  Mr.  Moody  points  out,  it  was  only  when  synchronous 
converters  came  into  extensive  use — about  15  years  ago — that 
it  was  recognized  that  the  presence  of  self-indue  ion  in  the  circuit 
had  other  uses  than  that  of  producing  a  constant  secondary  cur- 
rent for  arc  lighting  work.  On  account  of  tlic  existence  of  patents 
covering  the  use  of  a  special  external  reactance  coil  to  obtain  auto- 
matic compounding  with  a  synchronous  converter,  the  writer, 
together  with  other  engineers  of  the  smaller  manufacturing  com- 
panies, considered  the  possibility  of  building  transformers  with  a 
high  internal  self-induction.     It  was  soon  fotuid  that  with  the 
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comparatively  small  transformers  then  being  used  with  con- 
verters, practically  the  only  disadvantage  of  placing  the  required 
self-induction  in  the  transformer  itself,  rather  than  in  the  sepa- 
rate external  coil,  was  that  it  became  impossible  toad  just  the 
value  of  the  reactance  after  installation.  The  transformers 
with  high  internal  reactance  were  somewhat  cheaper,  and  the 
over-all  efficiency  was  about  the  same,  as  the  increased  eddy 
currents  mentioned  by  Mr.  Moody  were  offset  by  the  reduc- 
tion in  the  weight  of  iron  in  the  transformer  due  to  the  modi- 
fied arrangement  of  the  coils,  and  by  the  absence  of  any  losses  in 
an  external  reactance  coil.  A  large  number  of  such  high-reactance 
transformers  was  built  and  operated  satisfactorily  with  syn- 
chronous converters,  and  it  is  only  recently,  when  heavy  com- 
pounding has  been  required  in  connection  with  large  transform- 
ers, that  the  external  reactance  coil  has  again  become  a  necessity. 

The  use  of  internal  or  external  reactance  for  limiting  the  sec- 
ondary current  in  a  transformer  on  short  circuit  is  merely  a  natural 
development  of  the  Ferranti  principle,  which  is  now  found  to  be 
advantageous  on  account  of  the  increased  size  of  power  systems; 
and  I  think  one  of  the  most  interesting  features  in  Mr.  Moody's 
paper  is  that  it  indicates  how  early  the  theory  and  principles  of 
transformer  design  and  operation  were  thoroughly  understood. 
The  great  advance  in  transformer  design  and  manufacture  during 
the  past  20  years  has  been  in  the  details  of  construction  and  in 
the  improved  methods  of  manufacture  which  have  made  trans- 
formers for  high  voltage  and  large  capacity  a  commercial  possi- 
bility. 

M.  G.  Lloyd  (communicated  after  adjournment):  The 
especial  value  of  Professor  MacLaren*s  pajjer  lies  in  the  fact  that 
the  observations  have  been  carried  up  to  the  critical  temperature, 
since  the  measurements  of  magnetic  hysteresis  with  varying  tem- 
peratures have  been  comparatively  few  and  most  of  these  have 
not  been  extended  to  so  high  a  temperature.  A  large  number  of 
measurements  have  been  made  upon  permeability,  however,  show- 
ing that  iron  and  steel  lose  their  ferromagnetic  quality  at  this  tem- 
perature, and  that  the  hysteresis  must  therefore  disappear  at 
this  point. 

The  results  obtained  by  Professor  MacLaren  are  quite  similar 
to  those  obtained  by  Kunz^  who  in  1894  made  experiments  up 
to  800  deg.  cent,  with  specimens  in  the  form  of  long  thin  wires, 
the  measurements  being  made  by  the  magnetometric  method. 
He  made  use  of  several  varieties  of  soft  iron  and  of  steel,  and  one 
specimen  of  nickel.  The  results  with  soft  iron  showed  a  decrease 
of  hysteresis  with  increasing  temperature,  the  curve  plotted  be- 
tween these  quantities  being  a  straight  line.  Very  nearly  the 
same  result  was  obtained  with  steel  when  the  temperature  cycle 
was  repeated  often  enough  to  obtain  constant  values.  With  nickel 
the  hysteresis  fell  off  rapidly  at  first  with  increasing  temperature, 
and  afterward  decreased  more  slowly.     As  the  author  has  made 

1.   W.   Kunz,   E.    T.  Z.,   XV,   194   (1894.) 
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no  reference  to  any  of  the  previous  work  on  this  subject  it  may  be 
of  interest  to  note  some  of  the  other  experiments  which  have  been 
made. 

Wills*  found  similar  effects  with  iron  and  tungsten  steel,  and 
Thiessen*  observed  the  same  general  trend  for  several  materials 
between  minus  70  deg.  and  plus  100  deg.  Some  of  their  results 
are  shown  in  the  following  table. 

EPPECT  OP  TEMPER\TURB  ON  HYSTERESIS 


Material 

Ergs  per  cu.  cm.  i>cr  cycle 

Author- 
ity 

Bmax 

15»           100*         300* 

500* 

700* 

Iron 

Iron 

Tungsten  steel  (4.5%) 

Tungsten  steel  (4.5%) 

4000 
6000 
2000 
6000 

1080            975            685 

2200          2200          1450 

9200          8900          5800 

12000        11700          8000 

460 

725 

2200 

3750 

250 

Wills 

wau 

Wills 
Wills 

Soft  wrought  iron 
Soft  wrought  iron 
Soft  wrought  iron 

2000 

5000 

10000 

-70*              20*             100* 

Thiessen 
Thiessen 
Thiessen 

423            397             333 
1720          1620           1520 
5070     '     4600          4030 

Crescent  tool  steel 

14700 

-52*              17*            99* 

Thiessen 

33850        31880        29600 

Nickel  steel  (5%) 

14900 

-65*              24*             100* 

Thiessen 

43070        41860     1   39700 

The  work  of  Honda  and  Shimizu,*  reaching  down  to  the  tempera- 
ture of  liquid  air,  is  perhaps  the  most  illuminating  which  has  been 
done  on  this  subject.  They  found  that  upon  cooling  Swedish 
iron  the  hysteresis  decreases  for  low  flux  densities,  but  increases 
for  high  flux  densities,  and  tungsten  steel  behaved  in  the  same 
way.  In  nickel  and  cobalt,  the  hysteresis  was  always  increased 
by  cooling.  A  research  by  Waggoner*  shows  that  low-carbon  steel 
behaves  as  stated  above  for  iron,  while  high-carbon  steel  behaves 
like  nickel  and  cobalt.  The  change  was  least  for  a  steel  contain- 
ing 1.1  per  cent  carbon.  He  also  found  that  the  ratio  of  hysteresis 
to  coercive  force  was  constant  for  varying  temperature  and  vary- 
ing carbon  content. 

The  above  results  apply  to  hysteresis  with  alternating  magneti- 
zation. Experiments  in  a  rotating  magnetic  field  were  made  by 
Fuller  and  Grace®  and  by  Perricr.^  Both  sets  of  experiments 
show  that  the  maximum  hysteresis  in  the  rotary  field  decreases 
with  increasing  temperature,  and  that  this  maximum  is  reached 

2.  R.  L.  Wills.  Phil.  Mag.,  v.,  117  (1903.) 

3.  A.  H.  Thiessen.  Phys.  Rev.,  VIll,  65  (1899.) 

4.  K.  Honda  and  S.  Shimizu.  Proc.  Tokyo  Phys.- Math.  Sac.  2,  HI. 
180  (1904.) 

5.  C.  W.  Waggoner.  Phys.  Rei\,  XXVIIl.  393  (1909.) 

0.     W.  P.  Fuller  &  H.  Grace,  Phil.  Mag.,  XVIIl.  866  (1909.) 
7.     A.  Perrier,  Thesis,  Geneva.  (1909.) 
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with  a  lower  flux  density.  Thus  for  iron  at  580  deg.  this  maximum 
occurs  at  10,500  gausses,  while  at  temperattu'es  below  340  deg. 
it  occurs  at  about  16,000  gausses.  Since  the  sattu'ation  value  is  • 
also  reduced  by  increasing  the  temperature,  it  was  to  be  expected 
that  the  hysteresis  would  decrease  to  zero  for  a  lower  magnetiza- 
tion, and  this  was  found  to  be  the  case. 

Perrier  worked  with  nickel,  magnetite  and  three  kinds  of  iron 
and  concluded  that  the  ratio  of  the  maximum  values  of  the  two 
kinds  of  hysteresis  was  characteristic  of  the  material  and  independ- 
ent of  the  temperature. 

One  of  the  most  recent  papers  dealing  with  this  subject  was 
presented  before  the  recent  convention  of  the  International  Asso- 
ciation for  Testing  Materials  and  presented  resiilts  which  had  been 
obtained  in  the  chemical  laboratory  of  the  Schneider  works  at 
Creusot.  In  this  case  an  automatic  registration  was  secured  of 
the  magnetic  flux  due  to  a  constant  magnetizing  field  with  varia- 
able  temperature.  These  experiments  showed  not  only  the  critical 
point,  mentioned  above,  at  which  magnetism  disappears,  but  also 
another  critical  point  between  200  and  300  degrees,  at  which  point 
there  is  an  irregular  change  in  the  ctu^e  in  the  case  of  many  of 
the  steels  used.  The  changes  at  this  critical  point  are  not  re- 
versible. The  authors  connect  this  critical  point  with  the  dis- 
appearance of  magnetism  from  the  iron  carbide  or  cementite. 
A  highly  oxidized  steel  probably  containing  occluded  gases  shows 
in  the  cold  state  abnormal  hysteresis  and  coercive  force.  This 
anomaly  disappears  at  about  250  degrees  and  appears  at  a  slightly 
lower  temperature  on  cooling. 

I  regret  to  note  the  misleading  statement  in  the  opening  para- 
graph of  this  paper,  where  the  author  states  in  reference  to  the 
paper  presented  in  April,  1911,  that  "  It  was  shown  that  there 
was  no  apparent  change  in  the  law  governing  the  variations  of 
the  hysteresis  loss  with  the  induction  for  all  temperatures  from 
atmospheric  up  to  near  the  point  where  the  steel  became  non- 
magnetic." In  the  discussion  of  that  paper  it  was  pointed  out 
by  both  Mr.  W.  J.  Wooldridge  and  the  writer  that  this  statement 
was  not  justified  by  the  ^perimental  results. 

Malcolm  MacLaren:  If  Dr.  Lloyd  will  refer  to  the  discussion 
of  the  author's  paper  of  April,  1911,  he  will  find  that  no  results 
were  presented  to  show  that  the  law  governing  the  change  in 
hysteresis  with  the  induction  was  affected  by  the  temperature. 
The  only  point  which  was  raised  at  that  time  was  whether  in  the 
case  of  high  silicon  steel  there  should  not  be  a  greater  variation 
from  the  1.6th  power  law  than  was  shown  by  the  author's  results, 
and  it  was  pointed  out  at  that  time  that  the  inconsistencies  were 
largely  due  to  the  erroneous  method  which  Dr.  Lloyd  used  in 
deriving  his  exponents.  Since  the  date  of  that  paper  the  author 
had  made  further  measurements  upon  the  exponential  values 
for  high  silicon  steel  which  show  a  departure  from  1.6  above 
10,000  lines,  but  there  was  no  indication  that  a  change  in  tem- 
perature would  affect  these  exponential  values. 
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POWER  REQUIREMENTS 'OF  ROLLING  MILLS 


BY   WILFRED    SYKES 


The  increasing  use  of  electric  motors  for  driving  the  main 
rolls  in  modern  steel  works,  makes  the  question  of  the  power 
requirements  of  rolling  mills  of  considerable  importance  to  the 
industrial  engineer  engaged  in  designing  such  installations.  An 
error  in  judgment  due  either  to  inexperience  or  to  lack  of  accurate 
information,  may  involve  the  loss  of  a  large  sum  of  money  in  the 
installation  itself,  but  what  is  of  still  greater  importance,  is  the 
loss  that  is  incurred  indirectly,  due  to  the  time  lost  before  the 
error  can  be  remedied. 

The  subject  is  one  of  great  complexity  due  to  the  various  factors 
controlling  the  power  requirements  and  also  to  the  variation  in 
operating  conditions  in  different  works.  The  subject  of  rolling 
mills  is  one  on  which  it  is  hardly  possible  to  obtain  reliable  infor- 
mation from  published  data  and  the  whole  rolling  mill  practise 
is  based  upon  empirical  knowledge  gained  by  experience.  Dur- 
ing the  last  few  years  an  attempt  has  been  made  in  Europe  to  re- 
duce the  subject  of  rolling  mill  practise  to  some  scientific  basis 
but  without  very  great  success  up  to  the  present  time. 

It  is  not  the  object  of  this  paper  to  attempt  to  give  any  set  of 
rules  for  determining  the  correct  size  and  characteristics  of 
the  motor  required  for  driving  any  particular  mill  but  rather  to  in- 
dicate the  lines  along  which  such  problems  must  be  studied  and 
to  give  an  idea  of  the  factors  controlling  the  size  and  equipment  re- 
quired. To  cover  the  conditions  met  in  modem  steel  mills  would 
require  a  great  deal  more  space  than  can  be  allowed  in  a  paper 
before  this  Institute,  and  even  with  full  knowledge  of  such  con- 
ditions, considerable  judgment  is  always  required  in  working  out 

such  problems. 
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One  of  the  most  diflBcult  features  of  this  problem  is  to  de- 
termine the  set  of  conditions  on  which  to  design  the  equipment, 
for  any  particular  mill,  that  will  coincide  with  the  actual  practise. 
It  is  almost  impossible  to  obtain  accurate  data,  from  the  men  re- 
sponsible for  the  operation  of  such  installations,  as  to  operating 
conditions,  on  account  of  the  changes  that  occur  in  practise  after 
the  mill  has  been  installed,  and  for  this  reason  any  asstmiptions 
made  when  determining  the  size  of  machine  required  for  driving 
it,  may  be  altogether  wrong  in  two  or  three  years.  A  great  many 
superintendents  are  of  the  opinion  that  it  is  impossible  to  obtain, 
within  limits,  an  equipment  too  large.  This  is  a  mistaken  idea, 
but  has  been  based  upon  past  experience  which  has  shown 
that  by  improvements',  mainly  in  organization,  it  has  been 
possible  to  increase  the  output  often  as  much  as  100  to  200 
per  cent  over  the  original  estimate.  With  our  present  knowledge 
of  rolling  conditions  and  in  view  of  what  has  been  done  in  the  past 
it  should  be  possible  to  make  a  reasonable  estimate  a^  to  how 
much  the  production  of  a  mill  may  be  increased  in  the  future, 
by  improvements  in  the  auxiliary  apparatus  and  organization, 
and  this  is  a  factor  which  must  always  be  considered  when 
designing  an  installation ;  and  it  is  here  that  the  electrical  manu- 
facturer must  often  take  the  responsibility  for  assumptions  as  to 
rolling  conditions  altogether  different  from  those  given  by  the  steel 
mill  engineers.  Some  of  our  most  successful  manufacturers  of 
rolling  mill  engines  have  based  their  machines  upon  the  size  re- 
quired to  break  some  part  of  the  mill,  so  that  they  are  certain  that 
the  engine  would  carry  any  load  that  could  be  caused  by  the  mill, 
independently  of  the  method  of  operation.  So  long  as  efficiency 
is  not  considered  and  it  is  not  necessary  to  meet  competition  as  to 
price  of  the  installation,  such  an  arrangement  is  an  ideal  one  from 
the  standpoint  of  the  manufacturer,  as  there  is  never  any  doubt  as 
to  the  operation  of  his  part  of  the  plant,  but  under  the  conditions 
now  existing  in  our  steel  mills,  attention  must  be  paid  to  the  ques- 
tion of  efficiency,  and  business  conditions  also  necessitate  atten- 
tion being  paid  to  the  price  of  equipment. 

In  the  first  place  it  must  be  pointed  out  that  the  size  of  the 
mill  as  determined  by  the  size  of  pinions,  or  the  width  and  di- 
ameter of  rolls,  has  comparatively  little  to  do  with  the  size  of 
motor  required  for  driving  it,  as  the  work  performed  by  the  same 
size  mill  may  vary  several  hundred  per  cent.  The  fundamental 
basis  on  which  the  size  of  motor  must  be  determined,  is  the  pro- 
duct of  the  mill  and  the  tonnage  rolled.     There  are  a  great  many 
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factors  'entering  into  the  proposition  which  must  be  considered, 
and  dealing  first  with  the  product,  the  following  are  the  principal 
in  their  usual  order  of  importance: 

1 .  Volume  of  metal  displaced. 

2 .  Method  of  displacement. 

3 .  Temperature  of  metal. 

4.  Class  of  material. 

5.  Rate  of  displacement. 

6 .  Size  of  roll. 

This  order  is  not  fixed,  and  the  importance  of  any  of  the  fac- 
tors will  vary  with  the  practise  at  the  particular  mill  in  question. 

Volume  of  Metal  Displaced 

It  is  of  the  greatest  importance  to  have  some  method  of  com- 
paring the  actual  work  done  on  the  metal  in  various  mills  and  it 
must  be  admitted  that  such  a  comparison  is  extremely  difficult. 
In  comparing  various  tests,  I  have  used  as  a  unit  of  work,  the 

h.p.-seconds  reqtiired  to  dis- 
place one  cubic  inch  of  metal. 
The  displaced  volume  is  ob- 
tained as  shown  in  Fig.  1. 
The  area  enclosed  by  the  full 
lines,  represents  the  original 
length  of  material  with  the 
original  area  A  and  length  L. 
After  rolling,  the  area  has  been  reduced  to  a  and  the  length  in- 
creased to  /.  The  shaded  portion  of  the  original  section,  it  has 
been  assumed,  has  been  displaced  so  as  to  correspond  with  the 
shaded  part  of  the  metal  after  the  pass.  The  displacement  in 
practise  is  of  course  not  as  shown,  but  the  illustration  will  show 
what  is  meant  by  displaced  volume.  From  this  sketch  it  is 
obvious  that  the  volume  displaced  is  equal  to  (A  —  a)  L.  If 
the  inch  is  taken  as  a  unit,  this  formula  gives  the  cubic  inches 
displaced. 

This  unit  of  work  takes  into  consideration  only  the  volume 
displaced  in  the  direction  of  rolling,  and  for  simple  work  such  as 
rolling  plates,  blooms,  flats,  etc.,  practically  all  of  the  metal  is 
displaced  in  this  way,  as  the  displacement  at  right  angles  to  the  di- 
rection of  rolling  is  negligible.  In  cases  where  the  section  of  the 
pass  is  completely  enclosed  by  the  rolls,  there  is  very  often  a  side 
displacement  which  this  unit  does  not  take  into  consideration, 
nor  is  it  my  opinion  that  any  simple  unit  of  work  can  provide  for 


Fig.  1 — Diagram  of  Displaced 
Volume 
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this  condition,  as  it  is  impossible  to  determine  exactly  how  the 
metal  flows.  Fig.  2  shows  a  typical  pass  when  rolling  rounds 
from  square  billets.  The  full  line  shows  the  section  after  the 
pass,  and  the  dotted  line  the  section  before  the  pass.  These  sec- 
tions were  obtained  by  cutting  pieces  from  the  bar  before  and 
after  the  pass.  It  will  be  seen  that  the  width  of  the  material 
has  been  appreciably  increased,  much  more  than  would  be 
natural  if  the  pressure  of  the  rolls  were  only  perpendicular  to  the 
bars  of  the  metal. 

Attempts  have  been  made  to  introduce  a  factor  into  the  com- 
parisons that  would  take  this  condition  into  consideration,  it 
being  considered  that  the  metal  covered  by  the  area  not  shaded 
has  not  been  displaced,  but  investigations  haVe  not  yet  reached 
the  stage  that  would  warrant  any  statement  being  made  as  to 
this  method  of  comparing  different  passes.  The  instance  given 
in  Fig.  2  is  a  comparatively  simple  one,  but  in  practise  when 
rolling  various  sections  such  as  angles,  channels,  rails,  etc.,  this 
side  displacement  is  often  made  under  conditions  that  make  it 
impossible  to  use  anything  else  but  empirical  figures.  Referring 
to  Fig.  5,  showing  the  sections  after  the  various  passes  when 
rolling  rails  from  billets,  it  will  be  seen  in  the  case  of  pass  one 
of  the  first  vSeries,  that  the  metal  has  been  displaced  considerably 
to  fonn  the  basis  of  the  flange.  In  this  case  there  has  been  a 
considerable  distortion  of  the  metal  in  addition  to  the  increase 
in  the  length  due  to  displacement  in  the  direction  of  rolling,  and  it 
is  obvious  that  no  formula  can  take  into  consideration  such  dis- 
tortion, even  if  an  accurate  knowledge  were  available  as  to  the 
way  that  the  metal  flows.  We  have  some  information  available 
as  to  how  metal  flows  when  rolling  simple  sections  such  as  plates 
or  blooms,  but,  even  with  this  knowledge,  theoretical  calculations 
do  not  check  up  very  well  with  ])ractical  test  results.  Various 
other  units  of  work  in  addition  to  the  power  required  to  displace 
a  cubic  inch  of  metal,  have  been  adopted  by  different  investi- 
gators, but  they  all  take  into  consideration  only  the  displacement 
in  the  direction  of  rolling,  and  from  what  has  been  said,  it  is 
obvious  that  this  is  the  only  basis  on  which  any  comparison  can 
be  made,  although  it  is  admittedly  open  to  objection  and  must  be 
used  in  conjunction  with  empirical  constants  to  provide  for  the 
distortion  of  the  metal  in  other  directions.  I  have  adopted  the 
unit  of  h.p. -seconds  per  cubic  inch  displaced  as  it  api^ears  to  be 
the  most  simple  and  direct  basis  of  comparison.  For  convenience 
it  will  be  referred  to  as  **  specific  power  consumption,"  or  S.P.C. 
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Method  of  Displacement 

Reference  has  been  made  to  the  side  flow  of  the  metal,  but  it  is 
also  of  the  greatest  importance  to  consider  how  the  pressure  is 
applied  to  the  material  rolled.  When  the  pressure  is  vertical, 
or  nearly  so,  to  the  surface  being  rolled,  it  may  be  referred  to  as 
**  direct  pressure  "  and  it  is  obvious  that  under  such  conditions 
the  power  required  will  be  a  minimum.  When  finishing  mate- 
rial such  as  flanged  rail  or  channel,  where  the  pressure  is  almost 
parallel  to  the  surface  being  rolled,  it  is  obvious  that  the  actual 
displacement  for  a  given  pressure,  may  be  very  small.  Such 
a  condition  is  illustrated  in  Fig.  3,  which  shows  the  condition  ex- 
isting when  finishing  a  rail  flange  and  a  channel  section.  Under 
such  conditions,  it  is  obvious  that  the  component  at  right  angles 
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Fig.  2 — Pass  Sections  Rolling 
Rounds  from  Billets 
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Fig.  3 — Examples  of  Indirect 
Pressure 


to  the  surface  of  the  metal  is  very  small,  and  consequently  the 
pressure  may  be  very  large  for  a  very  small  amount  of  work  done. 
This  condition  may  be  referred  to  as  **  indirect  pressure.** 

In  Fig.  4  is  shown  a  number  of  sections  illustrating  what  is 
meant  by  *'  direct  "  and  "  indirect  pressure,**  which  will  make 
this  point  clear. 

Referring  to  Fig.  5,  a  comparison  is  made  of  the  various  passes 
when  rolling  rails,  and  this  figure  illustrates  the  difference  in 
practise  met  with  in  steel  mill  work.  The  second  series  of  sections 
shows  that  the  rolls  are  designed  to  have  as  direct  pressure  as 
possible,  whereas  in  the  first  set  of  sections,  a  great  deal  of  the 
work  is  done  by  indirect  pressure.  The  first  series  of  sections, 
honrgver,  has  beei>  l.^id  out  so  that  the  axis  of  the  rail,   during 
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the  finishing  passes,  is  not  parallel  to  that  of  the  rolls  and  in 
this  way  the  surface  of  the  metal  is  worked  at  a  more  favorable 
angle  than  in  case  of  the  finishing  passes  of  the  second  set  of  sec- 
tions. It  would  be  reasonable  to  expect  for  such  conditions  that 
the  second  set  of  sections  wotild  require  less  power  during  the  ini- 
tial passes,  but  that  the  finishing  passes  would  require  somewhat 
greater  power.  This  shows  to  some  extent  the  local  problem 
encountered  in  steel  mills.  In  Fig.  6  are  shown  two  methods  of 
rolling  channels,  and  it  will  be  seen  that  in  rolling  the  second 
set  the  direct  pressure  is  used  as  much  as  possible  and  it  is 
only  in  the  last  pass  that  the  actual  channel  section  forms.  In 
this  pass  the  volume  displaced  is  negligible,  so  that  the  mill  has 
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Fig.  4 


only  to  straighten  the  sides  of  the  channel  which  has  already 
been  formed  by  direct  pressure  or  pressure  at  favorable  angles. 
These  two  examples  show  the  diflfcrence  in  practise  in  various 
mills  and  illustrate  to  some  extent  the  necessity  of  studying  the 
particular  conditions  in  each  mill  before  attempting  to  design 
an  equipment  for  driving  the  rolls.  The  question  of  roll  turning 
has  been  based  in  the  past,  more  or  less,  upon  empirical  knowl- 
edge obtained  by  the  roll  turners  from  actual  experience,  but 
in  Europe,  some  attempt  has  been  made  during  the  last  few  years 
to  systematize  the  methods  of  reducing  the  metal  for  different 
sections,  and  when  this  is  done  the  problem  of  comparing  the 
results  to  b^  expected  from  various  mills  will  be^considerably 
simplified. 
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The  pressure  on  the  rolls  due  to  the  metal  introduces  addi- 
tional friction,  but  as  this  cannot  be  .separated  from  the  power 
actually  required  to  displace  the  metal,  it  must  be  included 
in  the  specific  power  consumption.  There  is  often  con^derable 
friction  between  the  rolls  and  the  metal  due  to  the  peripheral 
speeds  of  various  parts  of  the  section  being  different.  On  refer- 
ring to  Fig.  5  it  is  obvious  that  the  speed  of  the  portion  of  the 
roll  in  contact  with  the  web  is  appreciably  greater  than  that  at 
the  edge  of  the  flange  and  therefore  as  the  fiange  and  the  web 
are  delivered  at  the  same  rate,  there  must  be  slippage  somewhere 
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between  the  metal  and  the  roll.  In  cases  where  a  rail  flange, 
for  instance,  is  being  finished,  there  is  a  tendency  to  move  the 
rolls  laterally  in  relation  to  one  another,  which  may  be  taken  up 
by  indirect  pressure  in  the  opposite  direction  or  in  roll  collars, 
in  which  case  the  friction  is  of  course  increased.  As  we  have  no 
way  of  determining  what  the  friction  due  to  rolling  may  be,  it 
must  be  included  as  part  of  the  net  rolling  work,  which  is  the 
actual  input  to  the  mill  less  the  no-load  friction.  In  the  author's 
opinion,  it  is  perfectly  legitimate  to  consider  the  additional 
friction  in  the  rolls,  pinions  and  spindles  as  part  of  the  net  rolling 
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work,  and  I  do  not  think  we  wotdd  be  any  better  oflf  if  we  had 
tests  showing  exactly  how  much  power  each  item  represented, 
as  the  problem  is  so  complicated  that  I  doubt  if  we  would  be 
able  to  make  more  accurate  estimates  than  are  now  possible, 
although  perhaps  it  might  be  possible  to  get  along  with  a  smaller 
number  of  tests. 

Temperature  of  Metal 

The  temperature  of  the  metal  plays  a  very  important  part  in 
the  power  required  for  any  mill.  Tests  made  indicate  that  the 
power  requirements,  all  other  things  being  equal,  vary  practically 
as  the  tensile  strength  of  the  material.     There  is  not  a  great  deal 
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of  information  available  as  to  the  tensile  strength  of  steel  at 
various  temperatures  and  naturally  such  tests  are  rather  difficult 
to  make.  In  Fig.  7  is  shown  a  curve  of  tensile  strength  of  mild 
steel  at  various  temperatures,  this  curve  being  made  up  from 
information  that  has  been  published  of  tests  in  the  Watertown 
Arsenal  and  from  various  European  publications,  as  well  as 
from  tests  made  by  the  writer.  The  curve  varies  somewhat 
from  others  that  have  been  published  as  to  the  strength  at  high 
temperatures,  as  the  tests  made  by  the  writer  indicate  that  pre- 
vious estimates  as  to  the  tensile  strength  have  been  too  low  and 
that,  instead  of  the  curve  gradually  tapering  to  zero  at  the  melting 
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point,  there  is  a  point  somewhere  between  1300  and  1400 
deg.  fahr.  where  the  tensile  strength  rapidly  decreases.  Tests 
made  at  various  temperatures  when  rolling  plates,  using  only 
direct  pressure,  so  that  there  are  no  other  disturbing  factors, 
indicate  that  this  curve  is  approximately  correct  as  indicating 
the  relation  between  the  power  required  to  displace  the  metal 
and  the  temperature.  It  will  be  seen  from  this  curve  that  the 
strength  increases  quite  rapidly  after  the  temperature  drops 
below  about  1400  deg.  fahr.,  so  that  when  rolling  thin  sheets, 
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when  the  metal  becomes  almost  black  the  power  requirements 
increase  at  a  very  rapid  rate.  This  curve  shows  that  tensile 
strength  about  100  deg.  fahr.  is  about  18  times  greater  than 
at  2000  deg.  fahr.  Tests  made  when  rolling  sheets  at  2000  deg. 
fahr.  and  rolling  cold,  showed  a  variation  in  the  power  consump- 
tion per  cubic  inch  displaced  varying  from  17:1  to  20:1. 

The  rate  at  which  metal  cools  is  obviously  of  the  greatest 
importance  and  within  the  usual  limits  of  rolling  temperatures 
it  may  be  said  that  the  rate  of  cooling  will  be  practically  pro- 
portional to  the  area  exposed  in  relation  to  the  volume.     In 
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Fig.  8  is  shown  the  increase  in  exposed  area  of  a  particular  slab 
as  the  cross- sectional  area  was  reduced;  and  when  the  rate  of 

cooling  is  taken  into  consideration,  in  conjunction  with  the  curve 
shown  in  Fig,  7,  it  is  obvious  that  the  power  required  to  flisplace 
the  metal  will  increase  very  rapidly  as  the  cross-section  is  de- 
creased. This  will  be  referred  to  later  when  discussing  this 
point. 

Class  of  Material 
Tests  made  by  the  writer  and  by  others  indicate  that,  pro- 
viding the  temperature  is  the  same,  the  power  required  to  dis- 
place a  given  volume  of  metal  is  practically  independent  of  the 
chemical  composition  of  the  steel.  This  of  course  applies  only 
when  rolling  metal  hot  and  within  the  usual  rolling  temperatures. 
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As  the  temperature  approaches  1500  deg.  fahr,  the  influence  of 
the  different  chemical  compositions  can  be  noticed,  but  as  metal 
is  usually  worked,  except  in  the  case  of  thin  sheets  or  small  sec- 
tions, between  1800  and  2400  deg.  fahr.,  it  may  be  said  that  in 
practise,  the  composition  of  the  material  does  not  directly  in- 
fluence the  power  consumption.  Indirectly  ^  however,  it  has  con- 
siderable influence,  as  it  is  necessary  to  roll  high-carbon  Steels  and 
some  alloy  steels  at  comparatively  low  temperatures,  so  that 
the  iiower  consumption  for  a  given  volume  of  displacement 
may  be  considerably  higher  than  would  be  the  case  when  rolling 
mild  steel. 

The  density  of  the  steel  also  has  considerable  influence  upon 
Uie  power  requirements,  and  when  rolling  ingots,  the  first  one 
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or  two  passes  made  require  comparatively  little  power  per  cubic 
inch  displaced,  as  the  steel  is  more  or  less  porous.  After  the 
metal  has  had  one  or  two  passes  through  the  rolls,  the  density 
when  hot  apparently  does  not  enter  further  into  the  question. 
When  rolling  steel  cold,  there  is  a  continual  increase  of  the  power 
required  due  to  the  increased  density,  and  in  Fig.  9  is  shown  a 
typical  curve  indicating  the  increase  in  power  requirements  as 
the  cross-section  area  is  decreased. 

Rate  of  Displacement 

Although  little  information  is  available,  there  are  indications 
that  the  rate  of  displacement  somewhat  affects  the  power  re- 
quirements. Tests  made  by  the  writer  appear  to  show  that  a 
low  rate  of  displacement  requires  less  power  than  if  metal  is  rolled 
quickly.  In  practise,  however,  metal  is  rolled  as  quickly  as  it 
can  be  handled,  so  that  this  feature  is  of  comparatively  little 

importance. 

Size  of  Rolls 

Theoretical  investigations  show  that  when  rolling  plates  or 
blooms  or  such  sections  where  direct  pressure  only  is  used,  the 
size  of  roll  has  some  effect  upon  power  requirements.  Small  rolls 
shotild  require  somewhat  less  power  than  large  rolls,  but  the 
writer  has  not  been  able  to  demonstrate  the  accuracy  of  these 
theoretical  calculations  owing  to  the  great  many  other  factors 
which  influence  the  test  results. 

Practical  Determination  of  Motor  Size 

The  great  majority  of  rolling  mills  are  of  the  type  running 
continuously  in  one  direction,  and  to  equalize  the  input  to  the 
motor,  flywheels  are  used.  It  is  of  the  greatest  importance 
to  determine  the  size  of  flywheel  required  in  conjunction  with 
the  characteristics  of  the  motor  and  control  apparatus,  as  it  is 
only  by  considering  them  as  a  unit  that  a  satisfactory  installation 
can  be  made.  It  is  seldom  that  a  mill  is  run  at  such  a  rate  that 
it  is  discharging  metal  from  the  finishing  pass  for  anything  ap- 
proaching 100  per  cent  of  the  running  time.  Depending  upon  the 
class  of  mill  and  the  work  performed,  it  is  usual  to  find  the  mill 
actually  rolling  from  20  to  80  per  cent  of  the  total  time.  In  the 
heavier  mills,  the  percentage  is  naturally  less  than  in  the  case 
of  the  mills  rolling  small  sections,  and  it  is  therefore  obvious  that 
if  the  motor  size  is  determined  upon  the  basis  of  rolling  so 
much  material  per  hour,  it  may  be  altogether  too  small  to  perform 
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the  work  while  the  metal  is  actually  in  the  rolls,  although  it 
might  be  large  enough  to  take  care  of  the  average  conditions. 
With  the  ideal  flywheel,  a  motor  sufficiently  large  to  carry  the 
average  load  would  be  the  right  size  to  use,  as  all  the  peaks  would 
be  taken  by  the  flywheel,  and  during  the  intervals  between 
passes,  energy  would  be  stored  in  it.  In  practise  it  is  not  possible 
to  use  such  flywheels,  as  they  would  be  excessively  large,  and 
consequently  a  compromise  must  be  made  between  motor  and 
flywheel.  It  is  usual  to  consider  that  the  mill  will  run  for  short 
periods  at  its  maximiun  capacity,  that  is,  with  the  minimum  in- 
terval necessary  to  handle  the  material,  and  on  this  basis  the  load 
diagram  must  be  determined.  The  load  diagram  can  be  de- 
termined from  curves  showing  the  power  requirements  per 
cubic  inch  displaced,  in  conjunction  with  the  volumes  displaced 
and  the  rate  of  rolling.  From  this  diagram,  the  average  load, 
when  the  mill  is  rolling  at  the  maximum  rate,  can  be  determined, 
and  also  the  size  of  the  fljnvheel.  The  average  production  of 
the  mill  must  be  taken  into  consideration  in  determining  the 
size  of  motor  so  as  to  have  an  equipment  which  has  suitable 
characteristics  for  the  normal  operating  conditions.  The  curve 
showing  the  power  required  per  cubic  inch  displacement  shows 
a  rapid  increase  as  the  cross-section  area  of  the  material  rolled 
decreases.  It  is  necessary  to  determine  this  curve  from  test 
data  for  practically  every  installation,  as  local  conditions  vary 
so  greatly  that  it  is  not  possible  to  take  any  set  of  curves  as 
representing  universal  conditions.  To  illustrate  the  methods 
used  in  determining  the  size  of  motor,  a  load  diagram  when  rolling 
plates  is  worked  up  in  detail  in  Table  I,  which  it  is  believed  will 
show  how  this  problem  is  handled  when  the  proper  data  are  avail- 
able. It  is  of  course  obvious  that  this  diagram  is  subject  to 
appreciable  variations  in  practise  due  to  the  variation  in  the 
condition  of  the  material,  temperature,  etc.,  but  as  the  curve 
for  power  consumption  is  based  upon  an  average  of  a  number  of 
tests,  the  diagram  is  sufficiently  accurate  to  enable  the  size 
of  the  motor  and  flywheel  to  be  determined.  The  motor  slip 
under  actual  operating  conditions  may  be  somewhat  different 
from  that  calculated,  but  the  flywheel  will  take  care  of  these 
operating  variations.  From  the  load  diagram,  after  alloMring 
for  friction,  the  average  load  on  the  motor  during  the  period 
when  the  mill  is  rolling  at  its  maximum  rate,  can  be  determined. 
For  perfect  operating  conditions  the  flywheel  should  take  all 
loads  in  excess  of  this  average  load.     In  practise  this  is  not 
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the  work  while  the  metal  is  actually  in  the  rolls,  although  it 
might  be  large  enough  to  take  care  of  the  average  conditions. 
With  the  ideal  flywheel,  a  motor  sufficiently  large  to  carry  the 
average  load  would  be  the  right  size  to  use,  as  all  the  peaks  would 
be  taken  by  the  flywheel,  and  during  the  intervals  between 
passes,  energy  would  be  stored  in  it.  In  practise  it  is  not  possible 
to  use  such  flywheels,  as  they  would  be  excessively  large,  and 
consequently  a  compromise  must  be  made  between  motor  and 
flywheel.  It  is  usual  to  consider  that  the  mill  will  run  for  short 
periods  at  its  maximiun  capacity,  that  is,  with  the  minimum  in- 
terval necessary  to  handle  the  material,  and  on  this  basis  the  load 
diagram  must  be  determined.  The  load  diagram  can  be  de- 
termined from  curves  showing  the  power  requirements  per 
cubic  inch  displaced,  in  conjunction  with  the  volumes  displaced 
and  the  rate  of  rolling.  From  this  diagram,  the  average  load, 
when  the  mill  is  rolling  at  the  maximum  rate,  can  be  determined, 
and  also  the  size  of  the  flywheel.  The  average  production  of 
the  mill  must  be  taken  into  consideration  in  determining  the 
size  of  motor  so  as  to  have  an  equipment  which  has  suitable 
characteristics  for  the  normal  operating  conditions.  The  curve 
showing  the  power  required  per  cubic  inch  displacement  shows 
a  rapid  increase  as  the  cross-section  area  of  the  material  rolled 
decreases.  It  is  necessary  to  determine  this  curve  from  test 
data  for  practically  every  installation,  as  local  conditions  vary 
so  greatly  that  it  is  not  possible  to  take  any  set  of  curves  as 
representing  universal  conditions.  To  illustrate  the  methods 
used  in  determining  the  size  of  motor,  a  load  diagram  when  rolling 
plates  is  worked  up  in  detail  in  Table  I,  which  it  is  believed  will 
show  how  this  problem  is  handled  when  the  proper  data  are  avail- 
able. It  is  of  course  obvious  that  this  diagram  is  subject  to 
appreciable  variations  in  practise  due  to  the  variation  in  the 
condition  of  the  material,  temperature,  etc.,  but  as  the  curve 
for  power  consumption  is  based  upon  an  average  of  a  number  of 
tests,  the  diagram  is  sufficiently  accurate  to  enable  the  size 
of  the  motor  and  flywheel  to  be  determined.  The  motor  slip 
under  actual  operating  conditions  may  be  somewhat  different 
from  that  calculated,  but  the  flywheel  will  take  care  of  these 
operating  variations.  From  the  load  diagram,  after  allowing 
for  friction,  the  average  load  on  the  motor  during  the  period 
when  the  mill  is  rolling  at  its  maximum  rate,  can  be  determined. 
For  perfect  operating  conditions  the  flywheel  should  take  all 
loads  in  excess  of  this  average  load.     In  practise  this  is  not 
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always  feasible,  but  it  miist  be  remembered  that  the  type  of 
control  also  has  considerable  influence  upon  the  input  to  the 
motor.  If  the  speed  of  the  motor  is  to  be  regulated  in  such  a 
way  that  the  motor  takes  only  the  average  load,  it  is  necessary 
to  vary  automatically  the  resistance  of  the  rotor  circuit.  The 
usual  method  of  control  in  rolling  mills  is  to  use  a  fixed  rotor 
resistance,  so  that  the  speed  falls  as  the  load  is  increased.  This 
gives  a  more  or  less  satisfactory  control  of  the  flywheel,  but  in 
the  majority  of  cases  it  leaves  a  great  deal  to  be  desired.  Efficient 
control  devices  have  been  designed  which  will  automatically 
regulate  the  rotor  resistance  quickly  enough  to  meet  rolling  mill 
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conditions,  and  a  description  of  one  successful  type  has  been 
already  given  by  the  author.*  In  the  table  calculated,  it  has  been 
assumed  that  automatic  slip  regulation  is  provided  for,  so  that 
the  flywheel  will  take  all  loads  in  excess  of  the  average,  and  from 
the  load  diagram,  the  capacity  of  the  flywheel  can  be  readily 
determined.  In  Fig.  10  is  shown  the  cur\'e  from  which  the 
S.  P.  C.  has  been  obtained.  This  curve  represents  the  average  of 
a  number  of  tests.  In  Fig.  11  is  shown  the  load  diagram  corres- 
ponding to  the  table,  which  shows  the  work  to  be  performed  by 
the  motor  and  flywheel.  In  practise  it  has  been  found  that,  al- 
•Thansactions  A.I.E.E.,  1911,  Vol.  XXX,  Part  II,  page  1587. 


1912] 


SYKES:  ROLLING  MILLS 


200) 


though  the  power  required  for  the  individual  passes  may  vary 
quite  appreciably  from  that  calculated,  the  flywheel  will  have 
sufficient  capacity  to  compensate  for  these  individual  variations, 
and  that  the  general  operating  conditions  of  the  motor  can  be 
fairly  accurately  determined.  It  has  been  pointed  out  that  the 
daily  or  hourly  capacity  of  a  mill  may  be  very  much  less  than 
the  maximum  possible  capacity,  and  it  is  necessary  to  compro- 
mise between  the  size  of  machine  required  to  handle  the  max- 
imum possible  output  and  the  actual  hourly  and  daily  output. 
For  instance,  in  the  example  that  has  been  worked  out,  the 
average  load  on  the  motor  is  675  h.p.  when  the  mill  is  run  at 
its  maximum  rate  of  production.  The  actual  houriy  rate  of 
production  of  this  mill  is  only  80  per  cent  of  this  maximum,  so 
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that  if  the  normal  rating  of  the  motor  is  such  that  it  would  carry 
the  hourly  average,  it  would  be  overloaded  25  per  cent  when 
working  at  the  maximum  rate  of  production. 

In  practise  it  is  advisable  not  to  allow  for  an  overload  of  more 
than  25  per  cent  when  rolling  at  the  maximum  possible  rate, 
so  that  there  is  always  a  certain  reserve  available  in  the  motor 
for  extraordinary  conditions  that  may  arise.  Rolling  mill 
motors  are  usually  designed  so  that  they  can  carry  25  per  cent 
"  overload  continuously  with  a  50  deg.  cent,  rise  and  50  per  cent 
for  one  hour  with  a  60  deg.  cent.  rise.  With  motors  designed 
on  this  basis,  it  is  quite  permissible  to  allow  for  their  being  ovw- 
loadcd  25  per  cent  when  the  mill  is  run  at  its  maximum  capacity. 
If  the  hourly  capacity  of  the  mill  is  considerably  less  than  the 
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maximum  that  can  be  rolled,  it  is  then  necessary  to  investigate 
very  closely  the  conditions  existing  so  as  to  determine  on  what 
basis  the  compromise  must  be  made. 

In  the  foregoing,  attention  has  been  drawn  to  some  of  the 
features  controlling  the  power  requirements  of  rolling  mills 
and  it  is  hoped  that  at  some  future  date  it  will  be  possible 
to  discuss  this  problem  more  in  detail  when  a  ftdler  knowledge 
is  available  of  the  various  constants  that  must  be  considered 
when  dealing  with  this  proposition.  The  examples  given  rep- 
resent simple  conditions  and  it  will  be  readily  appreciated  that 
the  great  variety  of  shapes  rolled  makes  the  actual  determination 
of  power  requirements  ver^*^  difficult.  Curves  showing  the  spe- 
cific power  consumption  are  not  as  a  rule  so  regular  as  for  plates, 
which  represent  the  simplest  condition  met  with  and  the  one 
not  interfered  with  by  such  items  as  indirect  pressure,  collar 
friction,  etc. 
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THE   ECONOMICAL   SPEED   CONTROL   OF  ALTER- 
NATING-CURRENT  MOTORS   DRIVING 

ROLLING  MILLS 


BY   F.    W.    MEYER  AND  WILFRED    SYKES 


For  reasons  which  need  not  be  discussed  in  this  paper  the 
induction  motor  has  been  adopted  almost  exclusively  for  driv- 
ing rolling  mills  where  electrical  equipments  have  been  installed. 
One  of  the  most  difficult  problems  to  be  solved  with  this  type  of 
motor  when  electrifying  rolling  mills  is  the  speed  regulation  re- 
quired for  the  merchant  and  hand  mills,  owing  to  the  fact  that 
this  type  of  motor  is  normally  a  constant,  speed  machine.  It 
is  also  one  of  the  requirements  on  which  it  is  almost  impossible 
to  obtain  reliable  information  and  one  which  invariably  leads 
to  a  great  deal  of  discussion,  not  only  between  the  electrical 
engineers  and  the  mill  operator,  but  also  amongst  the  operators 
themselves.  Although  the  principal  types  of  mills  requiring 
adjustable  speed  are  the  merchant  and  hand  mills,  it  is  occasion- 
ally necessary  to  run  the  mills  rolling  heavy  sections  at  various 
speeds.  In  the  latter  case,  however,  the  problem  is  usually  fairly 
simple  because  as  a  rule  only  two  speeds  are  asked  for. 

The  smaller  mills  generally  call  for  a  great  number  of  speeds 
and  it  is  in  connection  with  motors  of  about  300  to  1000  h.p. 
that  the  principal  difficulty  occurs. 

In  referring  to  adjustable  speed  drives  it  is  understood  that  this 
means  mills  that  have  to  run  at  a  number  of  definite  speeds  and 
that  these  speeds  are  maintained  substantially  constant,  inde- 
pendent of  the  load  variation. 

To  any  one  investigating  the  requirements  of  rolling  mills, 
one  of  the  most  striking  features  is  the  diversity  of  opinion  among 
mill  operators,  as  to  what  speed  regulation  is  necessary  when 
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rolling  various  sizes  of  material  and  different  classes  of  work. 
To  explain  clearly  the  problem,  it  is  necessary  to  divide  the  mills 
into  three  classes  as  follows: 

1.  Speed  adjustment  is  required  on  account  of  the  large  range 
of  material  required. 

2.  The  speed  regtdation  is  required  to  enable  a  mill  to  run  in 
tandem  with  another  mill  which  has  a  fixed  speed  and  which 
rolls  a  variety  of  product. 

3.  Speed  regulation  is  required  to  make  it  possible  to  obtain 
certain  qualities,  finish,  and  accuracy  of  section  for  different 
products. 

As  a  rule  it  is  not  clearly  understood,  but  it  is  a  fact  never- 
theless, that  in  the  first  case,  the  speed  regulation  required 
depends  greatly  upon  the  class  of  labor  operating  the  mill,  and  to 
thedegree  to  which  it  have  been  organized  for  working  this  particu- 
lar plant.  A  gang  of  men  that  has  been  working  together  for  a  con- 
siderable period  at  a  particular  mill  can  naturally  handle  the 
metal  quicker  than  one  that  is  not  so  well  organized  and  familiar 
with  its  characteristics,  and  it  is  also  possible  when  the  men  are 
thoroughly  familiar  with  the  work  to  handle  a  larger  variety  of 
sections  at  high  speeds,  than  can  be  done  by  less  skilful  workmen. 
Where  the  range  of  material  rolled  is  very  great  it  is,  of  course, 
not  possible  to  handle  heavy  sections  properly  at  the  same  speed 
as  the  lighter  sections,  no  matter  how  well  the  workmen  may  be 
trained.  The  rate  at  which  it  is  possible  for  the  workman  to 
catch  the  metal  with  his  tongs  as  it  leaves  the  mill  and  return  it 
to  the  roll,  depends,  within  limits,  entirely  upon  the  skill  he  may 
have  acquired  through  practise,  and  when  rolling  the  smaller 
sections,  it  is  the  workman's  capacity  to  handle  the  metal  that 
limits  the  speed  of  the  rolls.  The  more  skill  he  has,  the  greater 
will  be  the  range  of  material  that  he  will  be  able  to  handle  at  the 
maximum  speed  of  the  mill,  provided,  of  course,  that  the  weight 
is  not  excessive,  and  this  accounts  to  a  very  great  extent  for  the  ' 
difference  in  the  practise  of  different  mills  when  rolling  the  same 
material.  It  may  be  stated,  therefore,  that  if  the  range  of  mate- 
rial rolled  is  not  very  great,  the  speed  regulation  required  de- 
pends principally  upon  the  skill  of  the  workman.  It  is  not  un- 
usual to  find  that  after  a  mill  has  been  installed  with  arrange- 
ments for  speed  regulation,  and  has  been  operating  for  a  few 
months,  that  speeds  lower  than  the  maximum  are  not  used  at  all. 

As  the  greatest  speed  regulation  is  generally  required  by  the 
smaller  mills,  due  to  the  larger  range  of  material  that  must  be 
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rolled  with  a  given  equipment,  it  is  in  such  plants  that  the  best 
results  can  usually  be  obtained  by  studying  the  operating  con- 
ditions and  the  organization  of  the  workmen. 

In  changing  an  existing  installation  from  steam  to  electric 
drive,  it  is  very  often  possible  to  materially  increase  the  output, 
due  to  the  fact  that  the  speed  limitations  of  the  induction  motor 
necessarily  introduce  changes  in  the  method  of  operation.  If, 
for  instance,  a  mill  is  installed  with  say  only  two  speeds  where 
previously  a  greater  number  was  possible,  it  is  commonly  found 
that  after  a  short  time,  a  much  greater  variety  of  sections  is 
rolled  at  the  higher  speed  than  was  formerly  the  case.  As  the 
operators  have  only  one  alternative,  it  is,  therefore,  necessary 
to  study  very  closely  the  workiiig  conditions,  and  by  comparing 
them  with  those  of  other  plants,  to  arrive  at  conclusions  independ- 
ently of  the  statements  of  the  operators.    Such  methods  must 


c 
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not  be  pushed  too  far,  of  course,  as  the  quality  of  the  organiza- 
tion must  also  be  taken  into  consideration.  From  investiga- 
tions made  as  to  the  operating  conditions  in  a  great  many  mills 
driven  by  steam  engines,  it  has  been  found  that  the  operators 
usually  have  only  a  very  vague  notion  of  the  speeds  at  which 
different  materials  are  rolled.  In  Fig.  1  are  shown  some  average 
figures  for  the  delivery  speed  of  hand-operated  mills  and  it  will 
be  noted  that  the  speed  depends  upon  the  maximum  dimen- 
sions of  the  material  rather  than  upon  the  area  of  the  section. 

It  is  occasionally  necessary  to  roll  certain  kinds  of  steel  at  lower 
speeds  than  the  maximum  on  account  of  the  quality  of  the  ma- 
terial or  the  temperature  at  which  it  is  worked,  and  this  must, 
of  course,  be  taken  into  consideration. 

It  is  obvious  that  if  a  mill  is  to  roll  a  great  variety  of  sections 
some  speed  regulation  may  be  necessary,  but  as  it  is  not  uncom- 
mon to  find  material  rolled  at  speeds  varying  as  much  as  100  ft. 
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(30.4  m.)  per  minute  from  the  average  figures  given,  it  is 
obvious  that  a  great  number  Of  speeds  is  not  absolutely  neces- 
sary, although  very  often  asked  for.  The  greatest  speed  adjust- 
ment is  required  in  the  case  of  jobbing  mills  where  it  is  not 
unusual  to  find  material  varying  from  J  in.  to  3  or  4  in.  (0.63-cm. 
to  7.6  or  10.1-cm.)  roimds  rolled  in  the  same  mill,  and  a  speed 
range  of  2  to  1  may  be  required.  With  such  a  range  of  work  it  is 
necessary  to  finish  the  smaller  sections  at  a  higher  spleed  than 
the  larger  ones,  as  otherwise  the  metal  would  cool  too  rapidly  and 
could  only  be  formed  by  the  expenditure  of  a  great  deal  of  power, 
thereby  increasing  the  liability  of  breakage  of  the  mill,  and  the 
accuracy  of  sections  and  quality  of  product  may  also  be  affected. 
To  obtain  a  reasonable  production  from  the  mill,  the  smaller 
sections  must  naturafly  be  rolled  at  as  high  a  speed  as  possible. 
The  second  conditon  to  be  met  is  where  the  finishing  stands  of 
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a  mill  are  driven  by  a  separate  motor,  and  the  metal  is  in  the  two 
mills  simtdtaneously.  In  this  case  the  metal  is  usually  delivered 
from  the  first  mill  at  approximately  constant  speed  and  the  speed 
of  the  finishing  stands  is  dependent  upon  the  reduction  in  area 
in  the  last  passes.  There  is  usually  a  loop  between  the  two  mills, 
but  if  the  relative  speeds  are  not  approximately  correct,  the  length 
of  the  loop  may  become  excessive  or  the  metal  may  be  torn  apart. 
In  Fig.  2  is  shown  the  layout  of  a  mill  of  this  type  in  which  the 
smaller  sections  are  finished  in  the  separately  driven  rolls  while 
the  larger  sizes  of  material  are  finished  by  the  first  mill.  The 
delivery  speed  of  the  mill  is  approximately  the  same  as  the 
peripheral  speed  of  the  rolls,  and  consequently  the  intake  speed 
will  vary  in  proportion  to  the  reduction  in  area  in  the  pass.  For 
instance,  if  there  is  a  30  per  cent  reduction  in  area,  the  ratio 
between  the  intake  and  delivery  speeds  will  be  the  same  as  70 
to  100,  or  in  other  words  the  delivery  speed  will  be  43  per  cent 


1912]  MOTOR  SPEED  CONTROL  2071 

faster  than  the  intake.  This  relative  speed,  of  course,  varies 
with  each  section  rolled.  Another  feature  controlling  the  delivery 
and  intake  speeds  is  the  size  of  the  rolls.  In  practise,  rolls  will 
vary  in  size  10  per  cent;  they  are  usually  about  10  per  cent  over 
size  when  new,  and  they  will  be  turned  until  they  are  about  this 
amoimt  under  size,  before  they  are  discarded.  If  it  should 
happen  that  the  first  mill  has  new  rolls,  and  the  finishing  mill 
old  rolls,  there  may  be  a  difference  between  the  delivery  and  intake 
speeds  of  20  per  cent,  independent  of  any  other  conditions  that 
may  exist. 

The  amount  of  variation  from  the  correct  speed  of  the  finishing 
rolls  depends  upon  the  normal  length  of  the  loop,  which  should 
be  as  short  as  possible,  the  floor  space  available  and  the  length 
of  the  material.  It  is,  therefore,  usually  necessary  with  this 
arrangement  to  arrange  for  a  fairly  large  speed  regulation  with  a 
considerable  ntunber  of  steps. 

The  third  condition  is  usually  met  with  in  mills  rolling  heavy 
and  complicated  sections.  In^uch  cases  in  order  to  roll  some 
particular  section  accurately  to  size,  a  lower  speed  may  be  neces- 
sary than  is  required  for  normal  operation,  but  in  such  cases  only 
two  speeds  are  usually  wanted  to  meet  operating  conditions. 

To  meet  these  three  conditions  a  number  of  arrangements  have 
been  used  and  suggested,  and  it  is  proposed  to  review  some  of 
these  different  schemes  from  a  practical  operating  and  commercial 
standpoint. 

Rheostatic  Control 

The  simplest  method  of  reducing  the  speed  of  an  induction 
motor  is,  of  course,  to  insert  resistance  in  the  rotor  circuit,  by 
which  means  any  speed  required  may  be  obtained  for  a  certain 
definite  load  and  with  a  corresponding  loss  of  efficiency  depend- 
ing on  the  load  and  reduction  in  speed.  With  simple  rheostatic 
control,  we  are  limited  by  the  speed  variation  which  occurs  with 
varying  loads,  as  at  light  loads  the  motor  speed  will  rise  to  ap- 
proximately the  maximum  value,  no  matter  what  the  full  load 
speed  may  be.  Within  certain  limits,  where  the  regulation  re- 
quired does  not  exceed  about  10  to  15  per  cent  from  the  syn- 
chronous speed,  the  rheostatic  method  of  control  is  not  only  the 
simplest  and  most  satisfactory,  but  under  mill  operating  condi- 
tions probably  the  most  economical.  In  the  class  of  mill  requir- 
ing speed  regulation,  the  load  is  usually  comparatively  constant, 
due  to  the  fact  that  there  is  often  more  than  one  piece  going 
through  the  mill  at  a  time,  and  the  interval  between  passes  is 


2072  MEYER  AND  SYKES:  [Nov.  8 

generally  very  short,  so  that  the  actual  speed  variations  are  not 
so  great  as  it  may  be  thought  would  be  the  case  from  the  motor 
characteristics,  especially  if  the  flywheel  effect  of  the  rotating 
parts  is  at  all  appreciable.  The  effect  of  a  flywheel  is  not  only 
to  lower  the  peak  loads  that  come  on  the  motor,  but  also  to 
lengthen  the  time  required  for  the  motor  to  increase  in  speed 
after  the  load  is  reduced. 

Without  automatic  regtdation  of  the  resistance,  about  15 
per  cent  regulation  is  about  all  that  can  be  obtained  under  usual 
ogerating  conditions,  but  sometimes  a  still  greater  range  is  prac- 
ticable. With  automatic  resistance  adjustment  so  as  to  vary  it 
inversely  with  the  load,  it  is  usually  possible  to  obtain  a  speed 
regulation  up  to  about  30  per  cent,  provided  the  friction  load  of 
the  mill  is  not  less  than  about  20  per  cent  of  full  load  capacity 
of  the  motor,  and  there  is  sufficient  flywheel  effect  in  the  mill  to 
compensate  for  the  time  element  of  the  regulator.  Beyond  these 
limits  it  is  hardly  practical  to  use  rheostatic  speed  regulation, 
but  up  to  about  30  per  cent  i^is  possible  to  obtain  fairly  satis- 
factory operation  by  rheostatic  control  imder  the  above  condi- 
tions. The  accuracy  of  the  regulation  will  depend  somewhat 
upon  the  flywheel  effect  of  the  system  and  if  it  is  very  great  even 
a  greater  range  than  given  above  may  be  obtained  satisfactorily. 
Although  at  first  sight  rheostatic  control  may  not  appear  to 
be  economical,  where  the  speed  range  is  as  large  as  mentioned 
above,  there  are  many  cases  where  it  is  more  economical  than 
some  auxiliary  arrangement  for  obtaining  speed  regtdation,  due 
to  the  fact  that  at  Ught  load  the  rheostatic  losses  are  not  great 
and  that  the  proportion  of  the  time  that  the  motor  is  operating 
at  full  load  may  be  comparatively  small. 

If  we  consider,  for  instance,  a  jobbing  mill  which  runs  continu- 
ously, but  which  has  a  very  small  production,  the  no-load  losses 
of  any  auxiliary  arrangement  may  mean  an  appreciable  reduction 
of  the  all-day  efl&ciency.  Take  for  example  a  mill  requiring  500 
h.p.  average  when  rolling  and  100  h.p.  running  light,  the  motor 
losses  being  10  per  cent  of  the  average  output  at  full  load,  and, 
6  per  cent  at  the  friction  load.  If  the  mill  carries  full  load 
20  per  cent  of  the  running  time,  and  the  regulation  from  syn- 
chronous speed  required  is  25  per  cent,  the  additional  loss  due  to 
the  resistance  will  be  about  22  per  cent  at  full  load,  and  at  light 
load  the  rheostatic  loss  will  be  about  24.4  per  cent.  The  total 
input  to  the  motor  under  these  conditions  will  be  for  one  hour: 
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Useful  output,  500  h.p.,  12  minutes 100  h.p-hr. 

Motor  loss,  50  h.p.,  12  minutes 10  "  '^ 

Rheostatic  loss,  140  h.p.,  12  minutes 28  **  " 

Friction  output,  100  h.p.,  48  minutes 80  "  " 

Motor  loss,  25  h.p.,  48  minutes 20  **  * 

Rheostatic  loss 32  •  " 


270  h.p-hr. 

The  25  per  cent  speed  regulation  has  been  obtained  at  the  expense 
of  an  additional  input  of  60  h.p-hours.  If,  instead  of  rheostatic 
control,  the  alternating  current  were  converted  to  direct  current 
by  means  of  a  synchronous  converter,  the  efficiency  of  the  con- 
verting equipment,  including  transformers,  would  be  about  90 
per  cent  at  full  load  and  about  83  per  cent  at  light  load.  In 
this  case  an  adjustable  speed  motor  wotdd  be  used  for  the  mill, 
so  the  efficiency  would  be  about  the  same  as  the  induction  motor. 
With  this  arrangement  the  input  would  be  as  follows: 

Useful  output,  500  h.p.,  12  minutes 100  h.p-hr. 

Motor  loss,  50  h.p.,  12  minutes 10 .    "     " 

Conversion  loss  60  h.p.,   12  minutes 12     "     ** 

Friction  output,  400  h.p.,  48  minutes 80     "     " 

Motor  loss,  25  h.p.,  48  minutes 20 

Conversion  loss,  25  h.p.,  48  minutes 20 


«     « 
«     « 


242  h.p-hr. 

The  over-all  efficiency  with  the  rheostatic  control  wotdd  be 

(100  +  80)  X  100 


270 

and  with  the  direct-current  system, 

(100  -f  80)   X  100 


=  66.6  per  cent. 


242 


=  74.3  per  cent. 


An  improvement  oil  .1  per  cent  in  the  over-all  efficiency  has 
been  gained  with  a  capital  expenditure  about  100  per  cent 
greater  than  that  of  the  simple  induction  motor.  The  fixed 
charges  will  be  appreciably  increased  due  to  the  greater  outlay 
and  the  greater  maintenance  of  the  additional  apparatus. 
Actually,  the  gain  will  be  considerably  less,  as  the  mill  will 
operate  only  a  part  of  the  time  at  the  reduced  speed.  If,  for 
instance,  it  runs  half  the  time  at  the  reduced  speed,  the  over-all 
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efficiency  of  the  induction  motor  drive  would  be  75  per  cent, 
and  the  direct-current  drive  74.3  per  cent,  so  there  would  be 
no  saving  in  a  yearns  operation. 

This  is  not  representative  of  the  class  of  work  usually  met 
with,  but  such  cases  are  not  uncommon  and  it  will  be  seen  that 
although  rheostatic  control  is  inherently  inefficient,  yet  in 
certain  instances  it  might  be  better  than  some  of  the  arrange- 
ments that  are  at  present  operating.  In  the  example  taken,  the 
obvious  solution  of  the  problem  would  be  to  use  a  two-speed 
motor  and  to  obtain  intermediate  speeds  by  rheostatic  control, 
in  which  case  the  economy  would  be  very  much  better  than 
shown,  and  superior  to  the  direct-current  arrangement.  With 
some  of  the  newer  methods  of  speed  regulation  which  will  be 
referred  to  later,  much  more  economical  regulation  can  be 
obtained  than  with  any  arrangement  requiring  the  conversion 
of  the  energy  to  direct  current,  so  that  the  field  for  rheostatic 
control  will  be  reduced  in  the  future,  but  the  difference  between 
full-load  and  the  yearly  efficiency  with  rheostatic  control,  should 
be  clearly  understood. 

Multi-Speed  Motors 

Theoretically  it  is  possible  to  obtain  practically  any  ntunber 
of  speeds  required  from  a  single  motor  by  using  one  or  more 
windings  and  suitably  grouping  the  coils.  In  practise,  however, 
we  are  limited  to  one  or  two  combinations,  not  only  on  account, 
of  the  complexity  of  the  motor  design  and  the  uneconomical 
use  of  the  material,  but  also  because  of  the  complication  of  the 
control  equipment.  Four  speeds  is  about  the  maximum  that 
can  be  obtained  with  multi-speed  motors  in  practise  and  even 
this  range  requires  an  extremely  complicated  control,  especially 
if  the  motor  has  a  wotmd  rotor.  Two  of  the  speeds  need  not 
have  any  definite  relation  to  each  other,  but  the  other  speeds  in 
each  case  must  be  half  of  the  corresponding  higher  speeds.  This 
arrangement  requires  two  windings  on  the  stator,  and  in  the  case 
of  a  wound-rotor  motor,  two  windings  on  the  rotor,  each  winding 
being  grouped  to  give  double  the  number  of  poles  for  the  lower 
speed.  To  obtain  the  various  combinations,  such  a  motor  must 
have  at  least  nine  slip  rings,  and  12  leads  must  be  brought  out 
from  the  stator. 

The  usual  type  of  motor  used  in  steel  mills  has  not  more  than 
three  speeds,  one  speed  being  half  of  the  maximum  and  the 
third  speed  intermediate  between  these  two.     This  motor  also 
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has  two  windings,  one  of  which  must  be  re-connected  to  give  a 
2  to  1  ratio.  Such  arrangements  are  seldom  met  with  and  a 
great  majority  of  cases,  up  to  the  present,  have  been  taken 
care  of  by  two-speed  motors,  intermediate  regulation  being 
obtained  by  rheostatic  control.  The  simplest  type  has  a  speed 
ratio  of  2  to  1  and  has  only  one  winding  which  is  re-connected, 
requiring  six  stator  and  six  rotor  leads.  The  second  type  has 
two  windings  that  are  absolutely  independent  of  each  other,  but 
has  the  same  number  of  leads  as  the  motor  with  the  2  to  1  ratio. 
The  complication  of  the  control  is  one  of  the  disadvantages  of 
the  multi-speed  motor  and  it  is  one  of  the  limiting  features  of 
the  number  of  speeds  that  it  is  feasible  to  obtain.  In  the  motor 
with  two  separate  windings  the  control  is  very  simple,  as  it  is 
only  necessary  to  change  from  one  winding  to  the  other  by 
means  of  double-throw  switches. 

With  an  arrangement  giving  two  synchronous  speeds,  one 
approximately  70  per  cent  of  the  other,  it  is  possible  to  obtain 
a  speed  regulation  by  rheostatic  control  of  about  2  to  1,  giving 
any  number  of  intermediate  steps  that  may  be  required.  This 
arrangement  in  a  great  many  cases  where  comparatively  close 
regulation  may  be  necessary,  such  as  when  mills  are  worked  in 
tandem,  may  work  out  to  be  the  best  and  cheapest  installation. 

A  number  of  papers  have  been  read  before  this  Institute  on 
the  possible  combinations  for  obtaining  a  number  of  synchronous 
speeds,  but  in  all  the  discussion  little  attention  has  been  given 
to  the  switching  arrangements  required  to  make  up  such  com- 
binations. From  the  standpoint  of  the  operator,  the  control 
equipment  is  usually  a  greater  worry  than  the  motor,  and  an 
arrangement  that  may  be  technically  very  interesting  and 
ingenious  will  probably  be  so  complicated  from  a  control  stand- 
point that  satisfactory  operation  is  impossible.  The  motor  is 
usually  the  simplest  and  most  reliable  part  of  the  equipment  and, 
therefore,  it  must  not  be  considered  alone.  The  order  in  which 
the  switching  must  be  done,  when  changing  from  one  speed  to 
another,  to  prevent  short  circuits,  is  such  that  it  is  almost  impera- 
tive to  use  automatic  control  with  the  class  of  labor  usually 
operating  such  machines,  and,  to  obtain  the  proper  combinations 
the  wiring  becomes  extremely  complicated  if  more  than  two 
speeds  are  required. 

The  efficiency  and  power  factor  of  the  multi-speed  motor  is  not 
very  much  lower  than  a  single-speed  machine  of  the  same  char- 
acteristics and  from  a  practical  operating  standpoint,  the  differ- 
ence is  not  appreciable. 
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Motors  in  Cascade 

With  motors  in  cascade  it  is  possible  to  obtain  practically 
any  number  of  speeds  that  may  be  required.  Actually,  the 
number  of  speeds  that  it  is  possible  to  obtain  is  limited  by  the 
cost  of  the  equipment  and  the  complication  of  control  apparatus 
more  than  by  any  limitations  of  the  system.  This  arrangement 
has  been  tised  to  a  slight  extent  here,  and  to  a  greater  extent 
abroad  for  rolling  mill  work,  but  on  account  of  its  high  cost 
and  rather  unsatisfactory  operating  conditions  it  has  not  found 
many  advocates. 

The  possible  combinations  have  been  brought  out  to  some 
extent  in  the  discussion  of  Reist  and  Maxwell's  paper  before 
this  Institute,*  and  practically  the  only  limitation  is  the  number 
of  steps  that  can  be  obtained  with  an  even  niunber  of  poles. 
Such  combinations,  however,  could  not  be  used  in  practise  on 
accoimt  of  the  complexity  of  the  switching  devices,  which  would 
be  such  that  they  wotdd  be  necessarily  very  unreliable.  The 
combinations  that  are  really  practicable  do  not  give  any  greater 
range  than  can  be  obtained  by  mtdti-speed  motors,  and  the 
efficiency  and  power  factor  are  not  as  good.  The  low  power  factor 
of  the  cascade  arrangement  is  one  of  the  most  tmdesirable 
features  of  this  arrangement,  and  in  steel  mills  where  induction 
motors  are  so  largely  used  the  addition  of  such  apparatus  is 
very  tmdesirable.  The  work  that  has  been  done  in  the  study 
of  the  speed  requirements  of  the  mills  by  electrical  engineers 
has  shown  that  it  is  not  necessary  to  have  such  a  wide  range 
of  speeds  as  can  be  obtained  with  the  cascade  arrangement  even 
leaving  the  practical  side  of  the  question  out  altogether,  and, 
therefore,  the  multi-speed  motor  has  been  used  almost  exclusively 
in  this  country,  wherever  different  speeds  have  been  necessary. 

Induction    Motors    in    Conjunction    with    Three-Phase 

Commutator  Regulating  Machines 

In  the  types  of  machines  that  have  been  referred  to,  the 
characteristics  are  generally  well  known.  In  the  case  of  rheostatic 
control,  the  resistance  losses  are  such  that  this  system  is  not 
efficient  if  the  amoimt  of  regulation  required  is  large,  as  the 
energy  from  the  rotor  circuit  is  dissipated  in  the  resistance.  If, 
instead,  the  energy  from  the  rotor  circuit  is  absorbed  by  an 
auxiliary  machine  or  machines,  which  in  turn  delivers  power  to 
the  system,  it  will  be  possible  to  obtain  speed  regulation  below 
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synchronism  economically.  If  energy  is  delivered  to  the  rotor 
circuit  by  an  auxiliary  machine  or  machines,  regulation  above 
synchronism  can  be  obtained.  With  such  arrangements  it  is 
possible  to  combine  many  of  the  advantages  of  the  induction 
motors  with  those  of  the  adjustable-speed  direct-current  motors. 
The  desirability  of  such  regulating  systems  cannot  be  questioned, 
but  under  the  conditions  existing  in  this  country  there  are  at 
present  certain  difficulties  standing  in  the  way  of  the  general 
adoption  of  the  various  methods  which  will  be  described.  The 
problem  of  adapting  these  various  systems  to  American  condi- 
tions presents  considerable  difficulty  and  consequently  they 
cannot  be  generally  used  at  the  present  time. 

The  various  systems  that  have  been  developed  enable  speed 
regulation  over  a  considerable  range  to  be  obtained,  and  in 
addition  to  their  use  in  connection  with  rolling  mill  motors 
they  have  been  largely  adopted  in  Europe  for  the  speed  control 
of  compressors,  blowers,  etc.,  as  well  as  for  the  driving  of  machine 
tools  requiring  adjustable  speed,  thereby  supplanting  the  adjust- 
able-speed direct-current  motor,  and  making  possible  the  use 
of  alternating  current  for  all  purposes. 

The  desirability  of  obtaining  a  greater  speed  range,  economic- 
ally, than  is  possible  with  the  multi-speed  motor  and  cascade 
systems  that  have  been  previously  described,  caused  some  of  the 
European  manufacturers  to  experiment  at  an  early  date  with  the 
various  arrangements  involving  three-phase  commutator  ma- 
chines. In  spite  of  the  favorable  restdts  obtained  under  test  con- 
ditions the  development  of  these  arrangements  progressed  rather 
slowly,  due  to  the  fact  that  this  type  of  machine  introduced  new 
problems  from  an  operating  standpoint,  and  consequently, 
practical  experience  had  first  to  be  obtained  before  confidence 
was  established.  Originally,  there  was  considerable  doubt  as  to 
the  possibility  of  obtaining  satisfactory  conmiutation,  but  the 
development  of  the  single-phase  commutator  motor  for  railway 
work,  operating  under  most  severe  conditions,  paved  the  way 
for  the  introduction  of  a  three-phase  commutator  motor.  One 
of  the  difficulties  that  had  to  be  overcome  in  the  introduction  of 
this  type  of  motor  was  the  education  of  the  operators.  In 
Europe,  the  experience  that  had  been  gained  with  the  single- 
phase  motor  showed  that  the  three-phase  machine  did  not 
present  any  greater  difficulties,  as  far  as  commutation  is  con- 
cerned, and  in  certain  features  had  advantages  over  the  single- 
phase,  and  in  some  respects  even  over  direct-current  machines, 
in  spite  of  other  drawbacks. 
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How  far  it  is  possible  to  use  the  systems  that  have  been  devel- 
oped in  Europe,  in  this  country,  is  a  question  that  can  only  be 
demonstrated  by  experience,  but  in  view  of  the  inferior  class  of 
labor  that  we  have  in  a  great  many  of  our  plants  for  attending 
to  the  machines,  it  will  be  necessary  to  exercise  considerable 
care  injthe  eariy  installations.  As  will  be  seen  from  the  follow- 
ing descriptions  of  the  various  systems,  some  of  them  are  quite 
simple,  and  when  the  preliminary  difficulties  have  been  over- 
come, we  may  expect  that  such  arrangements  will  find  consider- 
able application.  In  a  paper  before  this  Institute,  Mr.  G.  A. 
Maier*  described  some  of  the  systems  that  have  been  developed 
in  Europe,  and  in  the  discussion  another  system  was  mentioned. 
It  is  proposed  in  this  paper  to  describe  some  of  the  newer  develop- 
ments with  this  type  of  machine  and  for  the  sake  of  comparison, 
the  principal  features  of  the  systems  already  described  will  be 
mentioned.  Most  of  the  main  characteristics  of  the  new  systems 
that  will  be  described  have  been  already  tested,  but  at  the 
present  time  it  is  not  possible  to  discuss  operating  experience. 

One  characteristic  of  the  three-phase  commutator  regtdating 
machine  is  that  it  is  possible,  with  suitable  arrangements,  to 
compensate  for  the  power  factor  of  the  main  motor  and  over- 
come the  objections  that  are  raised  as  to  the  use  of  induction 
motors,  on  account  of  their  low  average  power  factor.  This 
characteristic  has  not  been  taken  full  advantage  of  in  all  systems 
that  have  been  developed,  but  it  is  one  of  the  important  advan- 
tages of  this  method  of  regtilation,  if  properly  worked  out. 

One  of  the  first  systems  developed  had  the  commutator 
machine  direct-connected  to  an  induction  motor  shaft.  This 
system  has  worked  satisfactorily,  but  the  question  is  sometimes 
asked  why  the  three-phase  motor  is  not  used  directly  instead  of 
in  combination  with  the  induction  motor.  The  reason  is  that 
it  is  desired  as  much  as  possible  to  employ  the  simple  induction 
motor  for  performing  the  work  and  that  the  commutator  machine 
is  only  used  as  an  auxiliary  to  obtain  the  speed  regulation,  and 
consequently  it  may  be  smaller  in  most  cases  than  would  be  the 
case  if  it  were  used  directly. 

In  Fig.  3,  the  system  referred  to  above  is  shown  diagrammatic- 
ally.  The  induction  motor  A  is  designed  for  the  full  load  to  be 
carried.  When  the  main  motor  is  operating  at  its  full  speed  the 
auxiliary  motor  B  is  not  loaded  and  may  be  disconnected  alto- 
j^ether.    In  order  to  obtain  a  reduction  in  speed,  the  transformer 
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C  is  so  regtilated  that  the  auxiliary  motor  B  develops  a  back 
e.m.f.  which  can  only  be  overcome  by  an  increase  in  the  rotor 
voltage  and  a  consequent  drop  in  speed,  and  consequently,  the 
energy  from  the  rotor  circuit,  instead  of  being  lost  in  resistance 
as  with  rheostatic  control,  is  absorbed  by  the  auxiliary  motor, 
which  assists  the  main  motor  in  carrying  the  load.  So  long  as 
the  speed  range  of  the  main  motor  is  not  large,  the  auxiliary 
motor  is  comparatively  small,  but  its  capacity  is  determined  by 
the  percentage  of  speed  regulation  required,  or,  for  instance,  if 
the  speed  must  be  reduced  30  per  cent,  it  must  have  30  per 
cent  of  the  capacity  of  the  induction  motor.  This  is  important, 
as  previously  it  was  not  possible  to  build  three-phase  commutator 
motors  for  large  capacities.  The  limit  of  size  was  fixed  by  the 
fact  that  satisfactory  means  were  not  available  to  obtain  good 


i 


^ 


D 


B 


Fig.  3 


commutation,  and  the  arrangements  for  obtaining  power  factor 
regulation,  by  means  of  moving  the  brushes,  made  it  extremely 
difficult  to  use  auxiliary  commutating  fields  in  the  motor.  The 
movement  of  the  brushes  was  necessary  to  avoid  the  use  of  an 
expensive  combined  phase  and  voltage  regulator  in  place  of  the 
simple  regulating  transformer.  Due  to  later  developments,  the 
limit  placed  upon  the  size  of  machine  by  the  commutation  has 
been  removed  by  the  use  of  commutating  fields,  which  makes  it 
necessary  with  the  ordinary  phase  winding  to  use  a  constant 
brush  lead  to  obtain  good  power  factor  compensation  for  the 
average  operating  conditions ;  or  it  is  possible  to  obtain  the  same 
results  by  a  special  phase  combination  in  the  motor  itself. 
The  latter  arrangement  has  certain  advantages,  especially  where 
the  field  form  is  not  favorable  to  good  commutation,  which  is 
not  possessed  by  the  system  of  varying  the  brush  position. 
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This  system  of  speed  regulation  has  the  advantage  that  as  the 
speed  of  the  set  is  reduced,  the  available  torque  for  the  same 
line  current  is  increased  as  the  work  done  by  the  commutator 
machine  increases,  directly  in  proportion  with  the  decrease  of 
speed.  The  disadvantage  of  this  system  is  that  the  direct  con- 
nection of  the  commutator  motor  necessitates  its  being  designed 
for  the  same  speed  as  the  induction  motor,  which  as  a  rule,  in  the 
case  of  machines  of  large  capacities  in  rolling  mills,  is  comparative- 
ly low,  and  this  introduces  difficulties  in  the  construction.  In  the 
case  of  high-speed  induction  motors,  driving  turbo-compressors, 
blowers,  etc.,  it  is  generally  quite  impossible  to  build  the  com- 
mutator motor  for  the  same  speed  as  the  main  motor.    It  is,  of 


course,  possible  to  connect  the  commutator  motor  to  the  main 
motor  through  some  form  of  gearing,  but  such  arrangements 
should  be  avoided  if  possible. 

The  well-known  system  shown  in  Fig.  4  presents  advantages 
in  this  respect.  In  this  figure  the  commutator  motor  B  is  not 
connected  to  the  main  motor  A  mechanically,  but  is  coupled  to 
an  induction  machine  D  which  is  connected  to  the  line.  This 
makes  it  possible  to  build  the  auxiliary  machines  for  the  most 
desirable  speed,  from  a  designing  standpoint.  The  energy 
from  the  rotor  circuit  is  not  transmitted  to  the  shaft  of  the  main 
motor,  but  is  transmitted  through  the  auxiliary  machines  and 
is  returned  to  the  line  in  the  form  of  electrical  energy,  and  con- 
sequently this  arrangement  is  better  adajitcd  for   cases  where 
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constant  torque  is  required.  The  commutator  motors  of  such 
regulating  sets  are  nearly  always  provided  with  a  compensating 
winding  on  the  stator  which  counteracts  the  rotor  field  and  makes 
it  possible  to  regulate  the  speed  by  varying  the  magnetizing 
current.  Consequently,  the  regulating  transformer  C  and  the 
necessary  controller  can  be  smaller.  It  would  be  possible 
to  avoid  the  use  of  a  regulating  transformer  altogether  if  the 
commutator  machine  were  provided  with  an  auto-transformer 
winding,  which  has  been  done  in  a  number  of  cases  withthesystem 
first   described. 

The  power  factor  compensation  with  this  system  is  obtained 
by  a  special  phase  combination  some  what  different  from  that  used 
with  the  arrangement  previously  described,  but  such  an  arrange- 
ment provides  correct  compensation  for  only  one  definite  speed 


Pig.  5 


and  load,  which  are  chosen  so  as  to  approximate,  as  closely  as 
possible,  the  average  working  conditions. 

In  the  system  just  described  the  commutator  machine  has  been 
in  some  cases  furnished  with  a  series  pole  for  obtaining  the  charac- 
teristics of  a  compound  motor,  which  is  an  advantage,  for  in- 
stance, if  this  arrangement  is  used  in  conjimction  with  the  motor 
driving  a  rolling  mill  requiring  a  drooping  speed  characteristic 
to  enable  the  flywheel  to  take  the  proper  proportion  of  the  load. 

The  principal  disadvantage  of  this  system  is  that  it  requires 
two  auxiliary  machines  to  obtain  regulation  and  it  will  be  shown 
later  that  it  is  possible  with  suitable  arrangements  to  avoid 
this  feature. 

In  Fig.  5  is  shown  diagrammatically  a  system  that  has  been  used 
to  some  extent  in  Europe  and  which  has  been  mentioned  in  the 
discussion  of  G.  A.  Maier's  paper  before  this  Institute.     In  this 
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arrangement  the  second  auxiliary  machine  Z>  is  a  small  motor 
which  drives  the  frequency  changer  B  and  only  has  to  overcome 
the  mechanical  losses.  The  commutator  machine  B  consists 
of  a  wound  rotor  which  has  on  one  side  a  commutator  and  on 
the  other,  slip  rings.  On  the  stator  there  is  only  an  axixiliary 
winding  for  improving  the  commutation  of  the  machine.  This 
machine  cannot  develop  any  torque  and  it  is,  therefore,  necessary 
to  use  the  small  driving  machine  D  to  rotate  it  relatively  in 
synchronism  with  the  main  motor.  The  regtilating  transformer 
C  must  in  this  case  be  designed  for  the  whole  of  the  rotor  energy, 
which  flows  through  the  frequency  changer  and  the  transformer 
to  the  line.  In  the  frequency  changer  the  copper  losses  are 
comparable  with  those  of  a  synchronous  converter  and  are  con- 
sequently very  small. 

With  this  system,  as  it  has  been  pointed  out,  it  is  necessary  for 
the  frequency  changer  to  run  relatively  in  S)nichronism  with 
the  main  motor,  and  consequently  if  the  number  of  poles  of  the 
auxiliary  machine  D  and  the  main  motor  were  the  same,  which, 
however,  is  generally  not  the  case,  both  would  have  to  run  at 
exactly  the  same  speed.  The  rotor  connections  between  the 
motor  A  and  the  auxiliary  driving  motor  D  insure  that  the 
machines  remain  relatively  in  synchronism  and  any  slight  differ- 
ence will  cause  the  exchange  of  synchronizing  energy  in  the  same 
way  as  with  synchronous  machines.  The  power  factor  of  this 
system  is  fairly  good  on  account  of  the  favorable  distribution 
of  the  magnetizing  current,  but  it  is  not  possible  to  obtain  reg- 
ulation. The  advantage  of  this  system  over  the  arrangement 
previously  described  is  that  it  is  possible  to  supply  energy  to 
the  rotor  circuit  so  as  to  regulate  above  synchronous  speed. 
With  the  previously  described  arrangements  it  is  extremely 
difficult  to  cause  the  main  motor  to  pass  through  synchronism. 
As  it  is  possible  to  divide  the  regulating  range  above  and  below 
synchronous  speeds  of  the  main  motor,  the  auxiliary  machine 
need  only  be  designed  for  half  the  capacity  that  would  be  neces- 
sary if  the  whole  of  the  regulation  was  done  below  synchronism. 
This  arrangement  presents  certain  advantages  when  a  higher 
speed  than  normal  is  occasionally  required;  for  instance,  in  the 
case  of  blowers,  where  a  higher  pressure  than  normal  may  be 
required  for  a  short  period,  the  motor  being  run  above  synchron- 
ism when  this  necessary.  To  make  it  possible  to  obtain  a 
definite  speed  variation  between  no-load  and  full  load  a  com- 
pounding transformer  has  been  used  which  gives  such  a  charac- 
teristic. 
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slip  rings  of  the  frequency  changer.  If  the  ratio  of  the  secondary 
and  primary  windings  of  the  frequency  changer  is  1  to  1  then  the 
voltage  across  the  stator  winding  of  the  frequency  changer  must 
be  regulated  for  50  volts.  The  frequency  of  the  induction  motor 
rotor  circuit  is  the  same  as  that  on  the  commutator  and  the 
stator  of  the  frequency  changer.  By  means  of  synchronizing 
lamps  between  the  commutator  of  the  frequency  changer  and  the 
slip  rings  of  the  main  motor,  the  two  machines  can  be  synchron- 
ized. If  the  starting  resistance  of  the  main  motor  is  disconnected, 
the  rotor  energy  will  flow  through  the  frequency  changer  and 
the  regulating  transformer  to  the  line.  The  current  in  the 
stator  of  the  frequency  changer  can  be  comparatively  small,  as 
the  field  generated  by  the  current  flowing  through  the  commu- 
tator is  coimteracted  by  the  current  flowing  to  the  transformer 
through  the  slip  rings,  with  the  exception  of  that  necessary  for 
the  magnetizing  of  the  working  field,  which  is  only  sufficient  to 
give  enough  torque  to  enable  the  machine  to  run  at  the  proper 
speed.  The  method  mentioned  for  synchronizing  the  frequency 
changer  and  the  main  motor  is  in  practise  unnecessary  and  is 
only  used  to  illustrate  the  process. 

An  interesting  question  is  what  happens  when  the  stator 
winding  only  is  regulated  by  means  of  the  resistance  P,  or  only 
the  transformer  is  regulated.  It  has  been  held  that  under  such 
conditions  stability  of  operation  is  questionable.  The  whole 
question  of  relative  synchronous  operation  in  general  is  interest- 
ing and  difficult  to  solve,  which  occasionally  has  led  toamisim- 
derstanding  of  the  whole  problem,  as  for  instance  in  the  newly 
published  book  of  Arnold*  on  single-phase  and  three-phase 
commutator  motors.  Practical  results,  however,  have  settled 
all  doubts  on  this  question  and  have  confirmed  the  theoretical 
foundations  for  this  system.  The  theory  shows  that  by  such 
regulation,  power  factor  compensation  of  the  whole  power  circuit 
is  possible  as  far  as  may  be  desirable.  If,  for  example,  the  resist- 
ance D  is  decreased  without  changing  the  regulation  of  the 
transformer  C,  the  frequency  changer  has  a  tendency  to  run 
faster,  but  this  is  impossible  on  account  of  its  connection  to  the 
main  motor,  and  the  only  result  is  that  an  equalizing  current  will 
flow  between  the  two  rotors,  therefore,  causing  a  synchronizing 
force.  It  is  consequently  the  case  that  by  suitable  regulation  of 
this  current,  the  power  factor  to  the  whole  system  can  be  set  at 
any  desired  value.    This  result  can  be  somewhat  explained  by 

*  Volume  6- A,  "Wechelstromtechnik." 
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be  designed  for  a  comparatively  small  ctirrent  and  which  is 
connected  to  a  small  regulating  resistance.  In  addition,  an 
auxiliary  winding  is  provided  to  improve  the  commutation. 
As  in  addition  to  this  regulating  resistance  there  is  also  provided 
the  regulating  transformer  C,  it  is  possible  to  regulate  the  whole 
system  in  two  ways,  which  are  necessary  to  control  independently 
the  power  factor  and  the  speed.  The  operation  of  this  system 
can  be  tmderstood  from  the  following:  Let  us  suppose  the 
motor  A  is  started  as  an  ordinary  induction  motor,  with 
rotor  resistance,  and  the  connection  to  the  frequency 
changer  being  open.  The  frequency  changer  may  be  also 
started   as   follows:  Rotor  R  of   the   frequency  changer  B  is 


Fig.  6 


suppUed  through  the  regulating  transformer  C  with  voltage  to 
correspond  to  the  desired  voltage  on  the  rotor  of  the  main 
motor,  and  the  stator  winding  of  the  frequency  changer  B  S, 
which  in  this  case  is  the  secondary,  is  regulated  by  the  resistance 
D  until  it  runs  relatively  in  synchronism  with  the  main  motor  A . 
If,  for  instance,  both  the  main  motor  and  the  auxiliary  machine 
have  the  same  number  of  poles,  which,  however,  is  generally 
not  the  case,  then  both  machines  must  run  at  exactly  the  same 
speed.  As  for  example,  if  the  voltage  of  the  rotor  of  the  main 
motor  at  standstill  is  200  volts,  and  the  speed  is  to  be  regulated 
to  half  the  normal,  the  rotor  voltage  will  be  100  volts,  which 
must  also  be  the  case  of  the  voltage  on  the  commutator  and 
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slip  rings  of  the  frequency  changer.  If  the  ratio  of  the  secondary 
and  primary  windings  of  the  frequency  changer  is  1  to  1  then  the 
voltage  across  the  stator  winding  of  the  frequency  changer  must 
be  regulated  for  50  volts.  The  frequency  of  the  induction  motor 
rotor  circuit  is  the  same  as  that  on  the  commutator  and  the 
stator  of  the  frequency  changer.  By  means  of  synchronizing 
lamps  between  the  commutator  of  the  frequency  changer  and  the 
slip  rings  of  the  main  motor,  the  two  machines  can  be  synchron- 
ized. If  the  starting  resistance  of  the  main  motor  is  disconnected, 
the  rotor  energy  will  flow  through  the  frequency  changer  and 
the  regulating  transformer  to  the  line.  The  current  in  the 
stator  of  the  frequency  changer  can  be  comparatively  small,  as 
the  field  generated  by  the  current  flowing  through  the  commu- 
tator is  counteracted  by  the  current  flowing  to  the  transformer 
through  the  slip  rings,  with  the  exception  of  that  necessary  for 
the  magnetizing  of  the  working  field,  which  is  only  sufficient  to 
give  enough  torque  to  enable  the  machine  to  run  at  the  proper 
speed.  The  method  mentioned  for  synchronizing  the  frequency 
changer  and  the  main  motor  is  in  practise  unnecessary  and  is 
only  used  to  illustrate  the  process. 

An  interesting  question  is  what  happens  when  the  stator 
winding  only  is  regulated  by  means  of  the  resistance  P,  or  only 
the  transformer  is  regulated.  It  has  been  held  that  tinder  such 
conditions  stability  of  operation  is  questionable.  The  whole 
question  of  relative  synchronous  operation  in  general  is  interest- 
ing and  difficult  to  solve,  which  occasionally  has  led  toamisim- 
derstanding  of  the  whole  problem,  as  for  instance  in  the  newly 
published  book  of  Arnold*  on  single-phase  and  three-phase 
commutator  motors.  Practical  results,  however,  have  settled 
all  doubts  on  this  question  and  have  confirmed  the  theoretical 
foundations  for  this  system.  The  theory  shows  that  by  such 
regulation,  power  factor  compensation  of  the  whole  power  circuit 
is  possible  as  far  as  may  be  desirable.  If,  for  example,  the  resist- 
ance D  is  decreased  without  changing  the  regulation  of  the 
transformer  C,  the  frequency  changer  has  a  tendency  to  run 
faster,  but  this  is  impossible  on  account  of  its  connection  to  the 
main  motor,  and  the  only  result  is  that  an  equalizing  current  will 
flow  between  the  two  rotors,  therefore,  causing  a  synchronizing 
force.  It  is  consequently  the  case  that  by  suitable  regulation  of 
this  current,  the  power  factor  to  the  whole  system  can  be  set  at 
any  desired  value.    This  result  can  be  somewhat  explained  by 
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means  of  the  vector  diagram  in  Fig.  7.  The  tmcompensated 
induction  motor  with  resistance  regulation  will  take  the  current 
I'  which  will  be  behind  the  voltage  E.  In  operation  with  the 
auxiliary  machine,  there  flows  the  current  /«  in  the  stator  of  the 
motor  which  leads  the  voltage  E  and  at  the  transformer  we  have 
the  current  h  which  lags  very  much  behind  the  voltage  compo- 
nent. The  resultant  of  both  these  currents  gives  the  current  /, 
which  is  more  or  less  in  the  direction  of  the  vector  E  and  con- 
sequently the  power  factor  can  be  brought  to  the  desired  value. 
As  a  diagram  of  the  internal  action  of  the  commutator  machine 
would  show,  the  regulating  transformer  supplies  a  strong  wattless 
component  of  the  current  h  which  produces  the  field  of  the 
auxiliary  machine  and  also  that  of  the  induction  motor.  How- 
ever, by  the  regtilation  of  the  stator  winding  of  the  frequency 
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Fig.  8 


changer  a  greater  wattless  component  is  produced  than  is 
necessary  for  the  production  of  these  fields  and  this  has  the 
effect  that  the  main  motor  current  can  be  made  leading  so  that 
the  resulting  current  comes  into  the  right  phase  relation.  It 
should  be  kept  in  mind  that,  although  at  the  transformer  there 
is  an  increase  in  the  magnetizing  current,  there  is  not  a  cor- 
responding decrease  in  the  induction  motor.  If  we  assume  a 
ratio  of  1  to  1  between  rotor  and  stator  in  the  induction  motor, 
there  will  be  the  same  leading  component  in  the  primary  as 
there  is  a  surplus  lagging  component  in  the  secondary,  which  is 
independent  of  the  voltages  of  the  rotor  and  stator,  and  also  of  the 
speed.  It  is  questionable  whether  it  is  advisable  to  compensate 
for  the  power  factor  of  other  machines  on  the  line  by  such 
methods,  but  if  this  is  done,  it  will  have  practically  no  effect  on 
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the  stability  of  the  machines,  as  good  machines  are  capable  of 
standing  two  or  three  times  the  normal  torque,  and  oscillation 
between  the  machines  seldom  occurs,  even  if  no  particular  efforts 
are  made  to  avoid  it.  The  main  motor  and  the  regulating 
machine  operate  only  relatively  in  synchronism  and  not  in 
synchronism  with  the  line. 

The  speed  of  the  sets  varies  somewhat  when  the  power  factor 
is  regulated,  being  caused  by  the  fact  that  the  voltage  drop  in 
the  machines  varies  somewhat  when  the  wattless  current  is 
changed.  In  a  simple  case,  with  constant  torque  on  the  motor 
and  other  conditions  remaining  unchanged,  we  obtain  from  a 
detailed  investigation  of  the  characteristics,  the  curve  shown  in 
Pig.  8,  which  shows  thfe  variation  of  the  commutator  voltage 
Ec  in  comparison  with  the  assumed  constant  slip  ring  voltage  £,. 
This  variation  is  the  reason  why  the  speed  changes  somewhat 
when  the  power  factor  is  regulated.  When  there  is  an  improve- 
ment in  the  power  factor,  the  speed  increases.  If  the  load  is 
varied,  we  also  have  variation  in  the  speed  of  the  set  which 
decreases  as  the  load  increases,  and  this  characteristic  can  be 
taken  advantage  of  in  case  of  motors  driving  rolling  mills  to 
enable  the  flywheel  to  •take  its  proper  proportion  of  the  load. 
The  drop  in  speed  is  naturally  dependent  upon  the  resistance 
and  self-induction  of  the  frequency  changer,  leaving  out  of  the 
question  the  characteristics  of  the  main  motor,  and  if  the  set  is 
regulated  for  a  certain  speed,  the  speed  characteristic  is  similar 
to  that  of  a  shunt  motor.  It  should  be  noted  that  on  accoimt  of 
the  interaction  of  the  machines,  even  if  the  frequency  changer 
were  non-inductive,  it  would  be  possible  to  obtain  satisfactory 
operation,  which  is  an  important  difference  from  the  character- 
istics of  synchronous  machines.  Even  with  such  a  condition, 
it  would  still  be  possible  to  compensate  for  power  factor,  but  in 
view  of  the  fact  that  it  is  desired  to  obtain  a  good  power  factor, 
as  constant  as  possible  without  regulation  over  a  wide  range  of 
load,  it  is  desirable  to  have  some  induction  in  the  rotor  circuit. 
By  varying  the  self-induction  in  the  rotor  circuit,  it  is  possible 
to  change  the  speed  characteristics  from  no-load  to  full  load 
and  this  may  be  done  without  interfering  with  the  capacity  of 
the  machine  to  regulate  the  power  factor.  If  variations  in  the 
power  factor  are  permissible,  it  is  possible  to  obtain  a  very  fine 
speed  regulation  by  regulating  it,  and  consequently  the  regulating 
transformer  need  not  have  so  many  steps.  The  inner  part  of 
t;he  voltage  curve,  Fig.  8,  corresponds  to  the  operation  of  the  set 
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above  synchronisin,  and  as  is  clear  from  theoretical  consideration 
of  the  effect  of  regulating  the  machine,  the  speed  must  eventually 
rise  above  synchronism,  although  with  the  constant  voltage  £< 
there  would  be  heavy  current  flowing  at  the  synchronous  speed. 
It  is  a  very  interesting  question  as  to  how  it  is  possible  to  obtain 
■such  a  curve  practically;  as  also  is  the  whole  subject  of  operation 
above  synchronous  speed.  It  might  be  mentioned  in  this  con- 
nection that  by  means  of  phase  transposition,  the  frequency 
changer  can  run  as  much  below  synchronism  as  the  main  rotor 
is  to  run  above  synchronism.  The  necessity  for  the  transposi- 
tion of  the  phases  can  be  avoided  by  modifying  the  system  some- 
what, and  the  whole  operation  of  the  set  at  and  above  synchronous 
speed  can  be  improved  by  such  modification,  but  this  point  can- 


not be  discussed  at  the  present  time.  The  system  that  has  just 
been  described  is  very  simple  on  account  of  the  fact  that  we  have 
only  a  single  regulating  machine  instead  of  a  number  of  machines, 
and  it  is  easily  regulated  as  it  is  only  necessary  to  regulate  the 
transformer  in  any  way  that  may  be  convenient,  or  an  induction 
regulator  might  be  used  which  would  avoid  handling  the  regula- 
ting current  altogether.  On  account  of  the  fact  that  the  cur- 
rent in  the  stator  is  very  small  and  need  not  be  regulated  in  fine 
steps  there  is  no  difliculty  whatever  in  controlling  this  circuit. 
It  is  possible  to  avoid  the  use  of  the  regulating  transformer  in 
the  case  of  low-voltage  circuits  as  shown  in  Fig.  9.  In  this  case, 
we  have  also  the  main  motor  A  and  the  frequency  changer  B 
with  the  rotor  R  and  the  stator  S.    The  stator  is  provided  with 
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an  auto-transformer  winding  and  the  function  of  the  regulating 
transformer  is  combined  in  the  machine.  It  will  be  seen,  how- 
ever, that  the  stator  winding  can  be  regtdated  in  two  ways, 
and  this  makes  it  possible  to  regulate  both  speed  and  power  factor 
as  in  the  system  previously  described.  If  we  suppose  the  fre- 
quency changer  is  running  relatively  in  synchronism  with  the 
main  motor  and  also  has  the  right  voltage,  the  two  machines  can 
be  connected  together.  If  the  stator  is  now  regulated  in  such  a 
way  that  the  transformer  ratio  remains  the  same;  but  at  the  same 
time,  the  absolute  nimaber  of  active  turns  is  varied  and  conse- 
quently the  field,  the  wattless  current  will  change  and  the  power 
factor  can  be  regulated.  The  whole  of  the  regulation  can  be 
taken  care  of  by  a  single  controller  which  can  be  very  simple, 
as  it  is  tmnecessary  to  regulate  the  power  factor  in  fine  steps. 
All  of  the  characteristics  required  of  the  motors  driving  the  mills 
or  machines  can  be  readily  met  by  interlocking  the  various 
elements  of  the  controller.  This  arrangement  does  not  require 
any  changes  in  the  windings  of  the  machines,  nor  is  it  necessary 
to  move  the  brushes,  or  to  have  any  variable  gearing  between  the 
main  motor  and  the  auxiliary  machine  to  obtain  power  factor 
regulation.  The  auxiliary  machine  combines  in  itself  all  of  the 
regulating  requirements  and  is,  therefore. 

Voltage  regulator. 

Frequency  changer, 

Power  factor  regulator, 

Motor  for  driving  itself. 

By  various  arrangements  it  is  possible  to  obtain  entirely  satis- 
factory operation  above  synchronism,  and  in  fact,  it  is  just  as 
easy  to  operate  above  synchronism  as  below  and  the  passing 
through  synchronous  speed  of  the  main  motor  does  not  present 
any  particular  difficulties. 

When  it  is  necessary  to  work  near  or  at  synchronism  it  is  far 
better,  however,  to  use  such  an  arrangement  as  is  shown  in  Fig.  10, 
although  it  is  possible  in  the  system  just  described  to  ob- 
tain a  working  field  and  the  possibility  of  regulating  at 
the  synchronous  speed.  The  system  shown  by  Fig.  10 
provides  for  an  almost  constant  working  field  under  all 
conditions.  The  system  shown  in  Fig.  9  is  more  suitable  for 
regulating  the  speed  in  fairly  large  steps,  and  when  the  motor  is 
nmning  at  such  a  speed  as  not  to  require  the  use  of  the  auxiliary 
machine  it  can  be  disconnected  and  used  for  regulating  the  power 
factor  of  the  line.  The  arrangement  shown  in  Fig.  10,  on  the 
other  hand,  is  more  suitable  for  regulation  m  &[i<^  ^\jei^  xi^ax  >^ca 
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synchronous  speed,  but  the  auxiliary  machine  is  somewhat  more 
expensive.  This  system  is  desirable  where  speed  regulation  is 
required,  where  the  size  of  machine  does  not  determine  the  type, 
but  other  technical  reasons  make  it  desirable  to  use  such  a  regula- 
ting system.  This  is,  for  instance,  the  case  with  turbo-compres- 
sors or  blowers,  which  generally  run  at  ver\^  high  speeds,  and  even 
with  comparatively  small  equipments  it  would  be  impossible  to  use 
any  type  of  commutator  machine  directly.  Consequently  it  is 
necessary  to  use  an  induction  motor,  and  to  obtain  necessary 
speed  regulation  by  some  such  system  as  has  been  described. 
The  characteristics  of  blowers  and  compressors  are  such  that 
only  comparatively  small  speed  changes  are  required  to  cause 
a  considerable  diflference  in  the  output,  as  the  power  varies 


Fig.  10 


piactically  as  the  cube  of  the  speed.  The  regulation  of  the  sys- 
tem shown  in  Fig.  10  is  obtained  in  a  way  similar  to  that  des- 
cribed in  the  previous  system,  and  to  obtain  operation  above 
synchronous  speed  it  is  possible  to  use  a  continuation  of  the 
phase  winding  through  the  star  of  the  stator.  A  further 
development  of  the  three-phase  commutator  machine  for  the 
purpose  of  obtaining  motors  for  main  drives  as  well  as  for  regu- 
lating induction  motors,  however,  makes  it  possible  to  avoid 
the  use  of  such  an  unsymmetrical  phase  arrangement. 

It  is  sometimes  the  case  that  the  requirements  of  such  systems 
are  severe  and  that  high  momentary  overloads  or  severe  over- 
loads for  a  comparatively  short  time  must  be  carried,  such  as, 
for  instance,  in  the  case  of  rolling  mills,  blowers,  compressors. 
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etc.  These  characteristics  can  be  obtained  with  such  a  combina- 
tion, either  at  starting  or  at  high  speeds,  under  or  above  syn- 
chronism. In  some  cases  it  would  be  advantageous  if  the 
frequency  changer  could  be  used  as  a  motor,  at  the  same 
time  retaining  the  function  of  the  frequency  changer,  which 
would  give  a  good  combination  for  running  above  or  below 
synchronism.  Such  an  arrangement  would  present  a  number  of 
advantages  in  some  cases,  but  is  only  possible  if  the  auxiliary 
machine  is  mechanically  connected  in  some  way  with  the  main 
motor.  It  may  be  also  desirable  to  use  a  mechanical  connection 
on  account  of  the  quickness  of  the  speed  variation  required. 
To  obtain  such  characteristics  and  to  keep  the  advantages  al- 
ready mentioned,  new  arrangements  are  necessary,  and  it  might 
be  mentioned  that  such  a  system  has  been  already  worked  out, 
but  it  cannot  be  described  at  present. 

Three-Phase  Commutator  Motors 

Operating  difficulties  exist  when  a  very  large  speed  range  is 
required  when  the  speed  is  reduced  practically  to  zero,  and  in  such 
a  case  a  regulating  auxiliary  machine  presents  no  advantages, 
as  it.would  have  to  be  designed  for  practically  the  same  capacity 
as  the  main  motor.  In  such  a  case  the  commutator  motor  can 
be  used  for  direct  drive  except  when  it  is  necessary  to  regulate  the 
speed  very  much  above  synchronism,  when  it  may  be  desirable 
on  account  of  the  commutator  speed  to  use  an  induction  motor  and 
to  operate  the  regulating  commutator  machine  correspondingly 
below  synchronism.  In  the  case  of  drives  of  small  power,  the  com- 
mutator motor  used  directly  is  quite  satisfactory,  but" even  in  the 
case  of  motors  of  large  capacity,  there  is  no  particular  construc- 
tive difficulty  in  the  way  so  long  as  care  is  taken  to  provide  good 
commutating  fields  and  such  devices  as  brush  moving  are  avoided. 
Some  method  of  providing  a  good  commutating  field  is,  however, 
necessary,  as,  for  instance,  with  an  eight-pole  motor  designed 
without  commutating  poles  or  other  means  of  helping  commuta- 
tion, for  50  cycles,  the  limit  of  construction  is  about  150  to  200 
h.p.  In  the  United  States  the  conditions  in  the  steel  plants  are 
favorable  for  such  machines  on  account  of  the  almost  universal 
adoption  of  25  cycles.  Until  recently  only  one  type  of  such 
machine  with  shunt  characteristics  was  in  use  in  Eiu'ope.  This 
type  has  at  present  such  characteristics  that  the  voltage  for  the 
rotor  is  supplied  by  an  auto-transformer  winding  from  the 
stator  with  a  special  phase  combination  or  an  arrangement 
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with  auxiliary  phases.  This  design  makes  it  possible  to  obtain 
power  factor  compensation  for  one  particular  load  and  speed 
which  is  chosen  so  as  to  approximate  the  average  operating  con- 
ditions. To  give  power  factor  correction  over  a  wide  range  of 
load  and  speed  when  this  is  desirable,  such  a  system  becomes  so 
complicated  as  to  be  impracticable.  In  the  following  there  is 
described  a  system  which  avoids  all  of  these  phase  combinations 
and  auxiliary  phases  as  well  as  fixed  phase  relations  at  all,  and 
also  the  necessity  of  brush  moving.  This  machine  is  constructed 
not  only  with  a  rotor  similar  to  that  of  a  direct- ciurent  n 


but  also  with  a  field  of  the  same  type,  which  enables  the  speed, 
power  factor  and  starting  torque  to  be  regulated.  It  should  be 
noted  that  the  machine  with  such  a  winding  usually  prevents  the 
formation  of  excessive  disturbing  fields  for  the  commutation. 
The  newer  developments  of  the  winding  have  made  it  possible 
to  regulate,  c\'en  o\'er  a  very  large  range,  without  introducing 
disturbing  fields.  Such  machines  have,  however,  in  every 
case,  a  simple  continuous  winding  without  auxiliary  phases. 
The  diagram  shown  in  Fig.  11  illustrates  the  principles  involved 
for  all  cases,  as  far  as  regulation  is  concerned.     This  diagram 
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shows  most  of  the  possible  variations,  but  it  is  necessary 
when  designing  such  machines  to  determine  how  far  the  different 
possibilities  can  be  taken  advantage  of.  The  same  results  as 
shown  in  the  vector  diagram,  Fig.  7,  are  here  obtained  by  the  use 
of  a  single  machine  giving  the  phase  regulation.  From  Fig.  11 
it  will  be  seen  that  it  is  possible  to  obtain  the  phase  regulation 
by  shifting  the  connections,  and  at  the  same  time  to  vary  the 
field  and  the  voltage,  or  in  other  words,  this  arrangement  allows 
of  a  direct  regulation  of  the  vectors.  For  this  purpose  the  stator 
winding  has  a  number  of  divisions  as  shown  by  the  spaces  D  E 
and  F  G,  How  many  divisions  are  necessary  in  the  stator 
winding  is  a  question  which  depends  upon  the  amount  of  copper 
in  the  winding.  In  any  case,  however,  there  must  be  at  least 
three  in  these  phase  segments,  which  it  will  be  understood  can 
be  displaced  if  required.  From  this^iiagram  it  can  be  seen  that 
it  is  possible  to  shift  the  field  and  at  the  same  time  to  vary  its 
strength.  The  line  voltage  is  applied  between  B  and  A.  On 
the  segment  A  B  the  voltage  vector  for  the  rotor  can  be  set 
between  A  C  It  will  be,  of  course,  understood  that  the  rotor 
circuit  can  also  be  supplied  from  a  special  winding  which  is 
independent  of  the  main  winding.  This  circuit  need  only  be 
designed  to  carry  the  regulating  power,  which  arrangement  is 
particularly  advantageous  when  the  machine  is  designed  for  higher 
voltages.  In  this  way,  we  obtain  another  possibility  of  varying 
the  vector  displacements  which  can  be  partly  substituted  for 
the  other  vector  regulation.  The  whole  question  of  such  winding 
combinations,  which  is  connected  with  the  question  of  the  mainte- 
nance of  the  field  form,  and  the  reduction  of  the  ciirrent  to  be 
handled  by  the  controlling  devices,  as  well  as  the  type  of  winding, 
is  too  complicated  to  be  discussed  in  this  paper.  The  speed  of 
the  motor  can  be  varied,  for  instance,  either  by  varying  the 
position  of  the  point  By  thereby  changing  the  field,  or  by  varying 
the  position  of  the  point  C  which  changes  the  rotor  voltage,  and 
in  either  case  the  phase  connection  A  can  be  so  regulated  as  to 
give  good  power  factor.  This  system  has  the  advantage  that  the 
necessary  commutating  field  can  be  supplied  directly  in  the 
correct  phase  relation  on  the  stator  winding  by  proper  connec- 
tions. Fig.  12  shows  how  this  same  arrangement  can  be  used  for 
a  motor  with  series  characteristics.  This  diagram  shows  the 
phase  connections  A  and  B  and  the  division  points  CDyEF^  etc., 
and  it  is  believed  that  no  further  explanation  is  necessary.  In 
this  paper,  which  describes  some  of  the  latest  developments  in 
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this  class  of  work  and  only  mentions  the  well-known  other 
systems  for  the  sake  of  comparison,  we  have  avoided,  altogether, 
any  reference  to  the  names  of  the  various  arrangements  and  also 
to  the  historical  development,  but  it  is  generally  known  that 
the  scries  three-phase  motor  is  very  old.  As  originally  built 
it  had  the  disadvantage  that  the  speed  could  only  be  regulated 
by  shifting  the  brushes,  which  caused  the  machine  to  operate 
with  very  poor  power  factor.  The  newly  developed  machines 
with  brush-shifting  arrangements  also  have  the  same  disadvantage 
even  when  the  operating  characteristics  are  favorable.  Such  an 
arrangement  also  has  the  disadvantage  of  high  cost  on  account 


Fig.  12 


of  the  lack  of  a  good  commutating  field.  If  in  addition  to  shifting 
the  brushes  the  number  of  turns  on  the  stator  is  also  regulated, 
the  whole  machine  becomes  very  complicated.  The  arrangement 
shown  in  Fig.  12  offers  a  better  solution  of  the  problem,  as  it 
avoids  these  disadvantages  and  presents  a  number  of  other 
desirable  features.  The  combination  of  the  series  and  shunt 
systems  gives  the  characteristics  of  a  compound-wound  motor, 
which  is  of  special  importance  where  it  is  necessary  to  use  a  fly- 
wheel. 

The  combination  of  such  an  arrangement  with  the  regu- 
lating sets  previously  described  gives  a  series  of  possibilities  that 
can  be  obtained  with  standard  construction  of  commutator 
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machine  which  may  at  times  be  useful.  Further  discussion  of 
such  special  applications,  as  for  instance,  arrangements  to  avoid 
the  use  of  the  expensive  and  rather  inefficient  flywheel  motor- 
generator  sets,  must  be  left  for  another  occasion. 

The  various  arrangements  involving  the  use  of  three-phase 
commutator  machines  make  possible  the  efficient  regulation  of 
induction  motors,  but  they  introduce  a  new  problem  in  the  use 
of  the  commutator  machine  itself.  The  results  obtained  in 
Europe,  where  the  class  of  attendants  is  usually  vefy  much  better 
than  here,  have  been  very  favorable,  but  under  American  condi- 
tions any  attempt  to  simply  follow  European  practise  wotdd  prob- 
ably give  disastrous  results.  As  it  has  been  pointed  out,  consider- 
able care  must  be  exercised  in  the  first  installations,  and  we  may 
expect  difficulties  which  can  only  be  overcome  by  a  sympathetic 
cooperation  between  the  user  and  the  manufacturer.  The  use  of 
a  regulating  machine  in  conjunction  with  an  induction  motor 
offers  many  advantages  over  the  direct  use  of  the  commutator 
motor  when  the  speed  range  is  not  large,  not  the  least  being  the 
comparatively  low  frequency  of  the  rotor  circuit.  The  extensive 
use  of  this  type  of  machine  may  be  looked  for  in  the  future,  but  in 
any  case,  to  insure  success  careful  application  is  absolutely  neces- 
sary. 
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Discussion  on  "  Power  Requirements  of  Rolling  Mills  " 
(Sykes),  and  "  The  Economical  Speed  Control  of 
Alternating-Current  Motors  Driving  Rolling  Mills" 
(Meyer  and  Sykes),  New  York,  November  8, 1912. 

John  M.  Hippie :  The  general  tendency  in  industrial  engineer- 
ing is  towards  refinement  in  methods  and  apparatus.  Ohly 
an  exact  knowledge  of  those  requirements  enables  us  to  meet 
them  successfully.  The  steel  industry  is  a  notable  example  of 
this  condition.  The  making  of  steel  requires  high-power  sub- 
stantial machinery,  the  first  demand  on  the  machinery  being 
continuity  of  service. 

When  the  application  of  electricity  to  steel  mills  was  first 
taken  up,  the  first  motor  that  was  available  which  the  steel 
mill  engineer  thought  by  any  chance  would  do  the  work,  was 
put  in  service.  If  it  broke  down,  a  larger  one  was  put  in  service, 
and  this  was  continued,  until  a  motor  was  secured  which  would 
stand  up  to  the  service.  The  same  was  true  of  control  apparatus. 
The  tendency  was  for  many  years,  after  reaching  that  point,  to 
duplicate  that  application,  unless  the  new  application  required 
more  power,  in  which  case  a  larger  motor  was  used.  More 
experience  and  more  exacting  requirements  have  indicated  the 
necessity  for  investigations  such  as  the  one  which  has  been 
imdertaken  and  reported  upon  in  Mr.  Sykes's  paper. 

Such  investigations  are  sure  to  advance  the  cause  of  industrial 
electrical  engineering,  and,  further,  to  increase  the  economy  of 
production,  and  these  are  the  things  that  the  members  of  the 
Institute  who  are  interested  in  industrial  engineering  are  par- 
ticularly anxious  to  see  forwarded. 

J.  H.  Wilson:  In  looking  over  this  paper  by  Mr.  Sykes,  I 
feel  that  considerable  credit  is  due  the  author  for  the  clear  and 
comprehensive  manner  in  which  he  has  subdivided  and  explained 
the  various  elements  entering  into  the  determination  of  the 
amount  of  power  required  to  roll  steel  in  its  various  forms  and 
shapes.  Concerning  this  part  of  the  paper  there  is  not  much  to 
be  added  of  a  general  nature.  The  only  thing  that  might  be 
added  would  be  more  complete  data  concerning  some  actual 
installations. 

Referring  to  the  paragraph  under  the  heading  **  Practical 
Determination  of  Motor  Size,"  in  this  paragraph  Mr.  Sykes 
fails  to  bring  out  clearly  the  fact  that  the  utilization  of  flywheel 
energy  is  more  or  less  of  a  necessary-  evil.  The  use  of  a  flywheel 
is  made  necessary  in  most  cases,  by  considerations  external  to 
the  motor  equipment,  such  as  the  supply  of  electrical  energy  or 
the  arrangement  of  the  mill  drive.  For  example,  a  sheet  mill  with 
rope  drive  between  the  motor  and  mill  must  necessarily  have 
flywheel  effect  on  the  mill  side  of  the  ropes,  as  the  power  re- 
quired for  rolling  varies  so  greatly  that  with  the  flywheel  on  the 
motor  side  the  ropes  would  jump,  run  unevenly  and  be  sub- 
jected to  such  variations  in  pull  as  to  increase  materially  the 
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maintenance  cost.  The  necessary  flywheel  effect  is  usually 
obtained  from  the  large  rope  sheave  wheel. 

The  following  facts  should  be  noted: 

First. — In  order  to  obtain  energy  from  a  flywheel  we  must 
permit  the  slowing  down  of  the  equipment.  This  means  the 
adding  of  external  resistance  to  the  rotor  of  the  induction  motor, 
which  in  turn  results  in  decreasing  the  efficiency  of  the  motor 
at  heavy  loads  where  efficiency  is  most  important  from  a  power 
consumption  point  of  view. 

Second, — The  slowing  down  of  the  flywheel  in  turn  slows  down 
the  rolls  and  decreases  the  amount  of  material  which  can  pass 
through  them  in  a  given  time. 

Third. — ^Additional  power  is  required,  due  to  the  friction  load 
caused  by  the  flywheel.  This  power  becomes  of  considerable 
importance,  as  it  must  be  expended  all  the  time,  when  the  mill 
is  running  idle  as  well  as  when  rolling  steel. 

Fourth, — The  use  of  a  flywheel  adds  expense,  due  to  the 
necessity  of  maintaining  large  heavy  bearings,  keeping  them 
properly  lubricated  and  in  good  mechanical  condition. 

The  load  diagram,  Fig.  11  of  this  paper,  is  fairly  ideal  for  the 
use  of  flywheel  equipment.  The  passes  are  of  short  duration 
and  the  interval  between  passes  is  sufficiently  long  to  allow  the 
motor  to  re-accelerate  the  flywheel  from  a  Arery  low  speed  to 
nearly   sjnichronism. 

In  an  installation  such  as  this  the  additional  first  cost  of  a 
larger  motor  would  probably  offset  the  savings  which  would 
result  from  the  elimination  of  the  items  shown  above  as  being 
objectionable  in  the  case  of  flywheels.  In  case,  however,  we 
consider  a  load  curve  in  which  the  average  load  is,  say,  twice  the 
average  load  sho\vn  in  this  curve  and  the  peaks  remain  the  same 
as  shown  on  this  curve,  the  flywheel  would  probably  not  be 
warranted,  this  heavier  average  load  being  assumed  to  have 
resulted  from  a  decrease  in  the  interval  between  passes. 

The  above  argument  is  based  entirely  on  a  consideration  of 
the  power  conditions  at  the  mill.  If,  however,  other  conditions, 
such  as  power  station  capacity  and  arrangement  of  the  mill  drive, 
are  allowed  to  enter  into  this  matter  the  question  assumes  an 
altogether  different  aspect.  Assuming  that  the  power  supply 
for  a  rolling  mill  is  of  sufficient  size  so  that  the  maximiun  fluc- 
tuation obtainable  from  one  driving  motor  or  the  accumulated 
fluctuation  from  a  number  of  driving  motors  is  small  as  compared 
to  the  total  station  load,  then  these  questions  of  economies  in 
operation  are  of  first  importance.  In  other  words,  these  econo- 
mies might  well  be  sufficient  to  cover  the  increase  of  a  motor  size 
as  much  as  50  per  cent,  which  increase  would  not  affect  the 
efficiency  at  light  load  but  would  greatly  benefit  from  the  elimina- 
tion of  flywheel  expenses.  On  the  other  hand,  if  the  power  station 
is  comparatively  small  and  an  individual  motor  is  large  in  com- 
parison to  the  total  average  load,  then  flywheels  and  automatic 
regulators  are  necessary,  as  the  economies  referred  to  could  not 
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possibly  offset  the  additional  cost  due  to  the  operation  of  the 
power  station  under  the  extreme  variations  of  load  which  would 
be  met  with.  These  economies  could  not,  of  course,  offset 
additional  cost  which  would  result  from  the  operation  of  power 
station  machinery  below  its  normal  capacity,  as  the  efficiency  of 
the  generators  and  driving  units  would  be  of  considerable 
importance. 

The  equipment  of  individual  mills  determines  the  power  station 
load  curve  and  the  flywheel  is  more  often  made  necessary  on 
account  of  the  fluctuation  here  than  on  account  of  the  power 
requirements  of  the  individual  mill. 

The  electrolytic  regulator  referred  to  by  Mr.  Sykes  makes  the 
use  of  flywheels  more  economical  than  does  any  other  type  of 
induction  motor  regulator  with  which  I  am  familiar.  This 
regulator  permits  the  operation  of  the  motor  and  flywheel  at 
the  highest  possible  average  speed  and  will  cause  the  motor  to 
re-accelerate  the  flywheel  much  more  quickly  than  will  any 
resistance  stepping  device  on  the  market. 

This  question  of  motor  and  flywheel  sizes  is  one  which  presents 
different  phases  in  each  installation  and  necessarily  must  be 
figured  to  meet  local  conditions. 

Selby  Haar:  All  engineers  who  are  called  upon  to  become 
familiar  with  the  power  requirements  of  rolling  mills  will  owe 
their  thanks  to  Mr.  Sykes,  because  he  has  collected  facts  which 
heretofore  have  been  scattered  in  a  great  many  places.  As  long 
as  the  known  laws  of  the  subject  are  largely  empirical,  the 
collection  of  data  for  generalization  will  be  restricted  to  the  few 
who  are  able  to  conduct  the  very  expensive  and  extraordinarily 
difficult  tests.  As  an  instance  of  the  meagemess  of  our  knowl- 
edge, it  may  be  pointed  out  that  practically  all  the  available 
data  relate  to  iron  and  steel. 

Mechanical  engineers  interested  in  roll  driving  contented 
themselves  generally  with  measuring  the  fuel  and  water  con- 
sumption of  the  engines,  so  that  the  electrical  engineer  entering 
the  field  was  compelled  to  exercise  imagination  as  well  as  judg- 
ment in  recommending  motors.  Even  in  the  present  state  of 
our  knowledge,  it  is  still  advisable  to  make  a  minute  study  of 
local  conditions  before  recommending  a  motor  equipment, 
because  the  steady  operation  of  the  motor  frequently  increases 
the  output  of  a  mill  beyond  all  expectation;  and  an  electric 
motor  does  not,  like  a  steam  engine,  deliver  its  maximum  capac- 
ity continuously  without  injurious  heating.  As  soon  as  electric 
motors  began  to  displace  steam  engines,  however,  precise  testing 
began;  a  German  manufacturing  firm  collected  a  complete 
set  of  meastuing  instruments  for  this  purpose  alone,  with  which 
a  committee  of  the  Society  of  German  Foundrymen  (Verein 
deutscher  Eisenhuettenleute)  conducted  the  extensive  series  of 
tests  which  is  the  nucleus  of  the  published  data. 

It  was  fortunate  for  the  testing  engineer  that  reversing  mills 
were  among  the  first  to  be  electrified,  because  direct-current 
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motors  were  used,  which  simplified  the  design  of  graphic  meters. 
Even  with  the  present  refined  testing  apparatus,  however,  it  is 
not  clear  why  there  should  be  such  a  difference  in  the  nature  of 
the  results  obtained  by  different  experienced  engineers,  such  as, 
for  example,  results  published  in  Stahl  und  Eisen,  June  9,  1909, 
and  Iron  Age,  January  4,  1912.  Both  sets  of  tests  show  a  fluc- 
tuating torque  for  a  constant  reduction  of  the  thickness  of  a 
piece  during  a  pass,  which  is  contrary  to  the  usual  assumption. 

In  the  construction  of  load  diagrams  for  mill  cycles,  I  have 
fotmd  it  easier  to  deal  with  the  elongation  of  the  piece  rather 
than  the  actual  volume  of  metal  displaced  as  has  been  done  by 
Mr.  Sykes  in  Table  I  of  his  paper,  because  this  method  lends  itself 
readily  to  wide  changes  in  ingot  or  billet  sizes,  and  also  fits  in 
well  with  the  working  range  of  the  slide  rule. 

In  regard  to  the  automatic  regulation  of  resistance  mentioned 
on  page  2064,  it  should  not  be  overlooked  that  a  regulator  which 
can  perform  its  function  during  passes,  the  duration  of  which  is  a 
few  tenths  of  a  second,  must  be  exceedingly  rapid. 

In  conclusion,  however,  I  wish  to  express  my  thanks  to  Mr. 
Sykes  for  the  preparation  of  this  paper,  which  must  have  en- 
tailed a  large  amount  of  work;  and  it  is  to  be  hoped  that  it 
will  stimulate  the  publishing  of  more  data  on  this  important 
subject. 

Edward  J.  Cheney:  With  the  application  of  electric  motors 
to  main  roll  trains  there  has  arisen  the  necessity  of  determining 
with  as  much  accuracy  as  possible  the  power  requirements  for 
rolling  steel.  With  engine  drives  the  size  of  the  engine  was  rarely, 
if  ever,  calculated,  but  was  determined  almost  solely  from  judg- 
ment and  experience.  If  it  was  known  that  a  certain  mill  was 
running  satisfactorily  with  a  certain  size  of  engine,  and  a  similar 
mill  was  to  be  installed,  the  same  size  engine  would  probably  be 
used,  or,  perhaps,  a  trifle  larger  for  safety.  The  result  of  these 
methods  is  that  most  rolling  mill  engines  are  too  large  and  very 
few  are  of  the  proper  size.  It  is  not  an  uncommon  sight  to  see 
engines  running  which  take  steam  for  only  one  or  two  strokes 
at  occasional  intervals. 

Mistakes  in  engine  size  are  not  attended  with  serious  results 
except  as  regards  efficiency  and  possible  handicaps  on  produc- 
tion. If  the  engine  is  too  small  the  mill  stalls.  The  rollers  then 
judge  that  the  capacity  of  the  mill  has  been  reached  and  ease  up 
on  the  work.  Most  engines  have  heavy  flywheels  which  will 
carry  them  over  the  peak  loads  and,  with  steam-driven  mills, 
speed  variations  are  tolerated  which  would  not  be  considered 
with  motor  drive. 

In  determining  the  size  of  motors,  such  haphazard  methods  are 
not,  or  should  not  be,  used.  If  the  motor  is  too  large  a  low 
power  factor  results,  to  say  nothing  of  lower  efficiency  and 
increased  first  cost.  It  should  be  noted  that  the  latter  items 
apply  equally  well  to  engines,  but  are  not  so  much  considered 
in  their  case  because  the  error  in  capacity  is  not  so  easily  noticed. 
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If  the  motor  is  too  small  the  mill  will  not  stop  and  so  compel 
mercy  from  the  rollers,  but  the  over-willing  motor  will  continue 
to  turn  the  rolls  until  it  overheats,  and  perhaps  bums  out  and  is 
cursed  for  being  inadequate. 

This  quality  of  the  electric  motor,  which  causes  it  to  take 
enormous  overloads  without  any  appreciable  change  in  speed, 
has  resulted  in  a  large  increase  in  production  in  nearly  every 
instance  where  mills  have  been  changed  over  from  steam  to 
electric  drive,  merely  because  the  rollers  are  then  enabled  to 
crowd  the  material  through,  absolutely  regardless  of  the  driving 
motor.  For  this  reason  engine  tests  must  always  be  used  with 
caution  as  a  basis  for  determining  motor  sizes. 

The  electrical  engineer  must  have  at  hand  all  of  the  informa- 
tion possible  and  needs  much  more  than  is  now  available. 
Mr.  Sykes  has  well  pointed  out  the  difficulties  which  are  en- 
countered in  this  work,  probably  the  greatest  one  of  which  is 
the  ignorance  of  what  any  mill  will  ultimately  be  called  upon  to 
do.  Considerable  progress  has  been  made  in  determining  the 
power  actually  required  for  rolling  under  various  conditions, 
and,  particularly  in  the  case  of  mills  used  simply  for  reductions 
in  section  without  much  distortion  of  shape,  fairly  reliable  data 
are  available.  This  includes  blooming,  billet,  slabbing,  and  plate 
mills,  and  mills  for  rolling  simple  shapes,  such  as  rods  and  bars. 
It  is  on  merchant  mills  that  the  greatest  uncertainty  exists. 
Here  a  great  part  of  the  work  is  used  not  in  elongating  the  piece, 
but  for  distorting  its  shape,  or  is  constmied  in  friction,  as  shown 
by  the  author.  For  such  mills  there  is  no  reliable  information 
except  from  actual  tests  under  the  exact  conditions.  This  is  a 
laborious  task  but  apparently  a  necessary  one.  Much  has 
already  been  done,  enough  to  afford  approximately  correct 
information  for  most  conditions,  but  much  more  remains  to 
be  done  before  complete  data  are  obtained  for  all  cases. 

While  not  strictly  pertaining  to  this  subject,  it  may  be  re- 
marked in  this  connection  that  the  ease  with  which  power  is 
measured  in  the  case  of  electrically  driven  mills  is  really  one 
of  the  greatest  advantages  which  they  possess.  This  fact 
not  only  makes  possible  the  accurate  determination  of  power 
for  future  installations,  but  is  a  constant  check  and  guide  to 
rolling  methods  in  the  mills  already  equipped.  With  engine 
drive  little  attention  is  paid  to  the  setting  of  valves  or  the 
condition  of  the  rolls,  because  there  is  no  direct  way  of  determin- 
ing the  power  consiunption.  But  with  electric  drive  the  indica- 
ting wattmeter  faithfully  points  out  and  the  watt-hour  meter 
relentlessly  records  the  power  input  to  the  motor,  and  the 
influence  of  various  factors  is  readily  seen.  The  mill  superinten- 
dent soon  learns  to  watch  the  meter.  He  knows  what  has  been 
the  record  for  any  section  and  any  increase  in  power  over  that 
record  causes  an  immediate  investigation  to  determine  the  cause. 
This  stimulates  activity  in  searching  for  further  possibilities 
of  reduction.     Instances  have  been  known  where  over  25  per 
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cent  saving  in  power  has  been  accomplished  by  slight  modifi- 
cations in  roll  ^apes  without  in  any  way  affecting  the  quality 
of  the  product. 

Bayse  N.  Westcott :  I  was  very  much  interested  in  Mr.  Sykes's 
paper,  because  I  have  encountered  the  same  troubles  in  testing 
that  he  has.  Mr.  Sykes  mentioned  the  diflSculties  in  getting 
accurate  speed  measurements  on  mills.  With  an  induction 
motor  of  the  slip  ring  type,  you  can  get  very  accurate  speed 
measurements,  because  the  slip  of  the  motor  with  a  given 
resistance  in  the  secondary  is,  within  reasonable  limits,  in- 
versely proportional  to  the  input,  so  that  if  you  know  the 
characteristics  of  the  motor,  or  if  you  can  make  an  experimental 
determination,  all  that  is  necessary  is  to  record  the  input  with 
a  sufficiently  sensitive  curve-drawing  wattmeter  and  you  can 
determine  the  speed  of  the  motor  at  any  instant  from  the  record 
of  kilowatts  input. 

Mr.  Sykes  did  not  say  anjrthing  about  steam-engine-driven 


HX7  ^ 


^ 


i 

4-^ 


a 


X'T^""~t~'      i"^  M-JH       I — Liquid      tachometer      and     contact 

?  t          ^^--  i                     maker. 

2  and  3 — Continuous  steam-engine  indi- 

D6  cators. 

1.  4 — Reducing  motion 

*  5 — Stroke  counter. 

3^  6 — Recording  instrument 


tZ 


7 — Mill  observers. 
8 — Electric  gong. 


Fig.  1 


mills.  They  are  the  most  difficult  mills  to  test  and  also  very 
important,  because  it  is  the  present  steam-driven  mills  which 
are  largely  being  electrified  and  which  mean  business  to  the 
electrical  manufacturer. 

In  steam-driven  mills,  one  of  the  first  essentials  is  to  secure 
a  good  record  of  the  horse  power  developed  by  the  driving 
engine  while  the  steel  is  being  rolled,  and  the  best  way  to  do 
this  is  to  use  a  continuous  drum  steam  engine  indicator.  This 
differs  from  the  ordinary  steam  engine  indicator  in  that  the 
paper  on  which  the  indicator  card  is  made  is  a  long  strip,  which 
is  reeled  inside  the  drum  and  feeds  around  the  drum  a  quarter 
of  an  inch  (6.35  mm.)  at  each  stroke  of  the  engine.  Fig.  1 
shows  the  general  layout  used  in  testing  steam-driven  mills. 

Fig.  2  shows  details  of  recording  instruments  for  speed,  time 
and  general  information  regarding  work  in  the  mill.  These  have 
pens  actuated  by  magnets,  which  mark  on  a  strip  of  paper  which 
is  moved  at  a  uniform  rate  beneath  the  pens  by  a  spring  motor. 
In  most  cases  three  pens  are  used,  marked  Aj  B  and  C  in  the 
figure.  A  is  actuated  by  a  contact  maker,  which  is  driven 
from  the  engine  shaft  or  other  convenient  place  so  as  to  com- 
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plete  the  circuit  of  magnet  A  several  times  for  each  revolution 
of  the  engine.  The  number  of  contacts  per  revolution  depends 
on  whether  the  engine  is  of  high  or  low  speed.  Pen  B  is  con- 
trolled by  a  contact-making  clock,  which  is  regulated  to  close 
the  circuit  of  B  once  in  every  five  seconds,  or  at  shorter  inter- 
vals if  preferred.  In  addition  to  actuating  B,  the  contact-making 
clock  also  closes  the  circuit  of  an  electric  bell,  or  in  some  cases, 
that  of  an  electrically  operated  whistle.  The  third  pen  C  is 
controlled  by  a  manually  operated  key  located  at  the  rolls. 

In  addition  to  the  foregoing,  a  liquid  tachometer,  consisting 
of  a  small  centrifugal  pvmip  which  raises  a  column  of  colored 
alcohol  to  a  height  depending  on  the  speed  at*  which  the  pump 
is  driven,  is  used  to  indicate  speed  variations  of  the  engine. 
A  stroke  cotmter  is  connected  to  the  engine  to  record  strokes  and 
furnish  a  check  on  the  graphic  instrument. 

The  equipment  described  will  secure  an  accurate  record  of 
the  power  that  is  furnished  the  mill. 

Speaking  of  graphic  meters,  Mr.  Sykes  said  that  in  using  the 
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graphic  meter  the  pen  should  not  touch  the  paper.  We  used 
successfully  a  high-speed  graphic  meter,  with  a  pen  which  used 
ink,  and  which  did  rest  on  the  paper.  We  used  a  paper  speed  of 
about  30  in.  (76  cm.)  per  min.,  which  is  only  half  the  speed  used 
by  Mr.  Sykes,  which  was  one  in.  per  sec,  or  60  in.  (152  cm.)  per 
min.  I  suppose  the  paper  in  the  tests  referred  to  by  Mr.  Sykes 
was  driven  by  an  electric  motor.  On  our  graphic  meters  we  had 
spring  motors,  which,  of  course,  arc  not  as  good  as  an  electric 
motor  drive  for  the  paper. 

The  chief  thing  about  instruments  for  use  in  steel  mill  testing, 
especially  in  commercial  testing,  is  that  they  must  be  reliable. 
They  must  be  hardy,  as  they  have  to  be  shipped  around  the 
country  by  express  to  various  mills  and  they  arc  liable  to  rough 
treatment. 

David  M.  Petty:  I  would  ask  Mr.  Sykes  if  he  has  any  figures 
which  show  the  relative  kilowatt-hours  necessary,  for  a  given 
reduction,  with  a  fast  or  slow  rate  of  displacement.  I  refer  to 
the  paragraph  in  his  paper  headed  *'  Rate  of  Displacement." 
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Fred  Bickford  Crosby:  Messrs.  Meyer  and  Sykes  have  pre- 
sented for  our  consideration  a  problem  of  especial  interest  to 
every  engineer  concerned  with  the  application  of  mechanical 
power.  In  the  mantifacttire  of  steel  the  introduction  of  the 
direct-current  motor  brought  about  revolutionary  changes  in 
established  methods.  With  the  advent  of  the  polyphase  induc- 
tion motor  the  superior  advantages  of  alternating  current  were 
quickly  seized  upon,  particularly  where  power  in  large  quantities 
must  be  distributed  over  a  considerable  area.  Today,  even  for 
the  largest  drives  where  only  a  single  constant  speed  is  required, 
the  high  efficiency  and  substantial  simplicity  of  the  induction  motor 
leaves  it  practically  without  a  competitor  in  new  installations. 
With  all  its  good  qualities,  however,  the  induction  motor  for 
certain  classes  of  service  possesses  two  undesirable  characteristics 
— power  factor  and  inability  to  seciire  adjustable  speedregulation. 

Multispeed  induction  motors  with  changeable  pole  connection 
to  give  a  2  : 1  speed  ratio  or  with  separate  independent  windings 
to  give  some  third  speed,  have  in  many  instances  proved  a 
satisfactory  compromise  for  adjustable  speed  control.  The 
efficiency  of  such  a  machine  may  be  fairly  high  for  each  of  the 
several  sjmchronous  speeds,  but  the  power  factor  is  invariably 
poor  at  the  lower  speeds.  With  rheostatic  control  the  power 
factor  is  reasonably  high  at  all  speeds,  but,  since  with  constant 
h.p.  output  the  slip  energy  dissipated  is  directly  proportional  to 
the  reduction  in  speed,  the  low  efficiency  encountered  renders 
continuous  operation  at  reduced  speeds  prohibitive.  Further- 
more, the  induction  motor  with  rheostatic  control  has  an  un- 
fortunate tendency  to  accelerate  automatically  as  the  load  falls 
off.  Direct  or  differential  concatenation  of  two  single  motors  or 
of  a  multiple-wound  induction  motor  has  been  employed  to 
secure  as  many  as  six  independent  synchronous  speeds  for  a 
single  set,  but  only  at  a  heavy  sacrifice  in  simplicity  and  other 
desirable  features. 

Until  recently  it  has  been  practically  necessary  to  resort  to 
direct-current  motors  to  obtain  strictly  adjustable  speeds,  that 
is,  several  independent  speeds,  each  constant  under  variable 
loads. 

Recently  there  has  been  a  steadily  increasing  demand  for 
an  adjustable -speed  altemating-cxirrent  motor.  In  recognition 
of  this  demand  the  company  with  which  the  writer  is  connected 
has  for  nearly  two  years  been  carrying  on  a  series  of  very  thorough 
investigations,  both  theoretical  and  experimental,  to  determine 
which  of  the  numerous  schemes  suggested  for  obtaining  shunt 
speed  characteristics  is  commercially  feasible.  The  company  is 
now  prepared  to  furnish  speed-regulating  sets  for  use  with 
standard  phase  wound  induction  motors.  The  form  which  these 
sets  will  take  depends  very  largely  upon  the  requirements  of 
the  installation  in  question.  Of  all  the  schemes  suggested  two 
have  successfully  withstood  the  test  of  actual  installation. 
Either  of  these  methods  will  give  a  imiformly  high  efficiency  and, 
if  desired,  unity  power  factor  throughout  the  speed  range  for 
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which  the  set  is  designed.  In  general,  power  factor  correction 
above  95  per  cent  is  not  recommended,  since  the  higher  per- 
centage correction  is  obtained  at  an  expense  wholly  dispropor- 
tionate to  the  benefits  resulting. 

The  first  of  the  two  methods  advocated  employs  a  compen- 
sated conMnutator  motor  which  transforms  the  slip  energy  of  the 
main  motor  into  mechanical  energy  and  drives  a  high-speed 
induction  motor  con  lected  to  the  supply  main,  slightly  above  syn- 
chronism, thus  causng  it  to  operate  as  an  induction  generator 
and  return  electrical  energy  to  the  system.  This  scheme  has 
proved  especially  satisfactory  for  25-cycle  systems  and  speed 
regulation  not  exceeding  30  to  40  per  cent.  These  sets  are  also 
practicable  for  60-cycle  service,  provided  the  regulation  required 
is  not  too  great. 

For  regtilation  in  excess  of  50  per  cent  where  the  slip  fre- 
quency is  high  and  the  output  large,  the  second  method  is 
usually  preferable.  In  this  case  a  special  synchronous  con- 
verter is  used  which  transforms  the  slip  energy  to  direct  current. 
This  in  turn  is  used  to  drive  either  a  high-speed  d-c.-a-c.  motor- 
generator  set  for  returning  energy  to  the  system  electrically,  or 
to  drive  an  adjustable-speed  d-c.  motor  motmted  on  a  shaft 
extension  of  the  main  motor. 

It  should  be  distinctly  understood,  however,  that  these 
sets  are  npt  a  universal  panacea  for  chronic  speed  difficulties. 
Each  is  subject  to  limitations,  but  of  all  the  various  schemes 
proposed  the  two  which  I  have  mentioned  appear  to  be  by  far 
the  most  satisfactory  from  the  viewpoints  of  practical  design  and 
economic  operation.  Some  of  the  other  schemes  appear  more 
simple  in  diagram,  but  I  beUeve  will  be  found  to  involve  serious 
difficulties  both  in  electrical  and  mechanical  design,  particularly 
in  those  cases  where  it  is  proposed  to  pass  the  entire  slip  energy 
through  the  regulating  transformer. 

In  spite  of  the  very  real  advantages  which  these  regulating 
sets  possess  for  the  various  classes  of  service  mentioned,  there 
are  still  occasions  when  sotmd  engineering  will  warrant  only 
the  use  of  direct-current  motors  to  meet  the  requirements  of 
adjustable  speeds. 

I  recently  had  occasion  to  investigate  the  comparative  char- 
acteristics of  a  350-h.p.  mine  fan  motor  with  rheostatic  control 
and  with  commutator  motor  regulating  set  arranged  to  give  20 
per  cent  speed  reduction,  with  the  following  interesting  results: 


Per  cent  regulation 

Regulating  set 

Rheostatic  control 

1 

Efficiency 

Power  factor 

Efficiency     i  Power  factor 
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84                         91 
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87 
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82                         91 

15 

86 

100 

77                          91 

20 
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100 
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On  the  basis  of  0.6  cent  per  kw-hr.  the  saving  per  annum 
effected  by  the  higher  efficiency  of  the  regulating  set  would  be 
approximately  $2700. 

Another  interesting  case  involving  a  6500-h.p.  motor  with 
the  synchronous  converter  and  motor-generator  designed  for 
40  per  cent  speed  regulation  gave  the  following  results: 


Rev.  per  xnin. 

Over-all  efficiency 

Main  motor 

1 

Regulating  set           Rheostatic  control 

85.6 
75  0 
64.3 
53.5 

1 

87.0                               73.5 
83.7                               64.0 
80.0                               55.0 
75.0                               46.0 

The  arguments  of  complex  control  often  used  against  the 
speed-regijJating  set  lose  much  of  their  weight  in  view  of  the 
present  excellence  of  automatic  magnetic  control  and  the  increas- 
ing tendency  among  steel  mill  engineers  to  place  the  motor  with 
all  accessory  control  in  a  room  separate  from  the  mill. 

L.  T.  Robinson:  I  wish  to  make  one  general  remark,  and  to 
refer  specifically  to  one  point  in  Mr.  Sykes's  paper.  The  general 
remark  is  that  I  think  we  have  been  much  benefited  by  the 
discussion  of  methods  of  measurement,  together  with  the  general 
subjects  to  which  they  are  related.  There  is  very  seldom  an 
engineering  problem  that  does  not  involve  some  problem  .of 
measurement,  and  to  get  the  most  good  out  of  the  whole  thing 
it  is  well  to  take  them  up  together,  as  they  have  been  in  this 
discussion. 
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Fig.  3 


The  specific  point  I  wish  to  raise  is  in  connection  with  the 
spark  method  of  recording.  I  was  much  interested  in  the  refer- 
ence to  that  method — it  brings  out  the  fact  that  one  thing, 
although  it  may  be  good,  is  not  always  useful  to  cover  every 
condition  that  comes  up.  The  advantages  of  this  spark  method 
of  recording  are  quite  obvious,  but,  in  my  experience,  it  has 
some  disadvantages. 

The  paper  which  is  used  for  the  record  is  somewhat  irregular 
in  thickness,  and  in  getting  a  difference  of  potential  between 
plate  and  pointer  that  wiU  strike  through  in  a  satisfactory 
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manner,  you  encounter  two  troubles — first,  if  you  use  a  high 
potential  that  will  strike  through  rather  definitely,  you  are 
likely  to  run  into  trouble  with  electrostatic  effect  between  the 
pointer  and  the  frame  of  the  instrument;  second,  sometimes 
there  is  a  tendency  to  puncture  at  a  point  not  directly  under- 
neath the  needle,  especially  if  a  comparatively  low  difference 
of  potential  is  used.  This  means  that  you  must  develop  a 
considerable  difference  of  potential,  and  guard  successfully 
against  the  electrostatic  effects  by  using  a  considerable  torque, 
to  get  the  same  degree  of  precision  that  you  can  get  in  other  ways. 

I  will  show  what  means  have  been  employed  in  the  instruments 
that  have  been  referred  to  by  some  of  the  previous  speakers,  to 
overcome  the  effect  of  friction  on  the  paper,  etc.  (See  Fig.  3.) 
Friction  is  minimized  by  an  arrangement  to  feed  the  ink  by 
capillary  action,  leakage  on  to  the  paper  being  prevented  by 
surface  tension  at  the  recording  point.  The  arrangement  will  not 
leak,  and  the  ink  will  flow  freely,  and  it  can  be  adjusted  to  the 
paper  so  that  it  is  in  very  light  contact,  and  after  the  pen  starts, 
it  is  simply  the  contact  of  the  ink  and  paper  and  not  of  the  pen 
point. 

H.  L.  Bamholdt  (by  letter):  When  determining  the  motor 
size  during  the  early  stages  of  introducing  electric  rolling  mill 
drives,  the  tendency  was  to  follow  the  steam  engine  practise 
in  many  cases,  i.e.,  to  use  a  motor  large  enough  so  that  the  first 
thing  to  break  would  be  some  part  of  the  mill  rather  than  the 
motor.  This,  no  doubt,  was  good  practise  w4th  the  meager 
data  then  on  hand  in  regard  to  the  power  requirements,  as  it 
would  have  been  poor  policy  to  run  much  risk  of  the  motor 
breaking  down  when  endeavoring  to  introduce  the  electric 
drive.  Although  at  the  present  time  the  economy  of  electric 
rolling  mill  drives  in  general,  as  compared  with  steam  drives,  has 
been  fully  established,  competition  has  made  the  question  of 
further  increasing  the  economy  of  these  drives  one  of  great 
importance.  Not  only  can  the  initial  investment  be  made  low 
by  selecting  a  motor  of  proper  capacity  to  handle  the  require- 
ments, but  the  performance  of  such  a  motor  will  be  superior 
to  that  of  a  larger  motor  running  underloaded.  The  ease  and 
accuracy  with  which  the  electric  power  consumption  of  these 
fluctuating  loads  can  be  determined,  as  compared  with  steam, 
has  done  much  to  bring  the  subject  of  rolling  mill  practise  to 
a  more  scientific  basis.  It  also  enables  the  motor  manufacturer 
to  work  closer  on  the  design  and  still  be  within  limits  of  safety. 

G.  E.  Stoltz  (by  letter) :  Mr.  Sykes  has  mentioned  the  diffi- 
culty in  obtaining  the  tonnage  output  of  a  mill  from  the  opera- 
tors. It  seems  to  me  that  by  knowing  the  peripheral  speed  at 
which  the  metal  is  rolled  and  the  method  of  handling  the  material, 
an  engineer  who  is  acquainted  with  this  phase  of  steel  mill  work 
should  be  able  to  estimate  very  closely  the  outi)ut  which  the  mill 
is  capable  of  rolling. 

It  has  been  stated  that  it  is  the  practise  of  some  engine  builders 
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to  supply  an  engine  large  enough  to  break  some  part  of  the  miU. 
This  seems  to  be  rather  an  expensive  method  of  playing  safe. 
Of  course,  in  the  absence  of  the  necessary  data  to  make  an 
intelligent  calculation  of  the  power  required,  it  is  easy  to  see 
why  the  engine  builder  is  willing  to  install  an  unusually  large 
engine,  pro\'ided  the  customer  can  be  persuaded  to  pay  for 
apparatus  of  such  abnormal  capacity.  By  the  use  of  such  a 
method  for  determining  the  size  of  engine,  it  would  be  only 
natural  to  simply  guess  at  the  size  of  flywheel.  Supposing  the 
flywheel  should  be  too  small,  the  engine  must  take  more  than 
its  share  of  the  peaks.  With  this  condition  the  engine  builder 
may  be  misled  into  believing  that  his  engine  is  none  too  large. 
Very  comprehensive  data  are  necessary  to  determine  definitely  the 
size  of  motor  and  flywheel  required,  considering  the  two  as 
a  unit,  their  relation  to  each  other  depending  to  a  large  extent 
upon  the  type  of  control  used.  Almost  any  engineer  can  specify 
the  drive  of  a  mill  if  he  is  allowed  a  large  factor  of  safety,  but 
good  engineering  and  commercialism  demand  accurate  knowledge 
of  the  subject. 

It  is  stated  that  a  low  rate  of  displacement  probably  requires 
less  power  than  if  the  metal  were  rolled  quickly.  Cotdd  this  be 
attributed  to  greater  slippage  between  the  metal  and  rolls  at 
high  speeds,  which  would  introduce  greater  friction? 

One  of  the  advantages  of  automatic  speed  control  is  that  the 
losses  in  the  external  resistance  of  a  motor  are  reduced  to  a 
minimum.  It  is  well  known  that  very  often  rolling  mills  nm 
idle  a  fairly  large  percentage  of  the  time.  During  light  load  the 
secondary  resistance  is  automatically  short-circuited,  which, 
with  no  losses  occurring  in  external  resistance,  gives  the  best 
possible  efficiency.  With  fixed  resistance  in  secondary,  energy  is 
dissipated  in  this  resistance,  which  makes  it  impossible  to  obtain 
a  high  efficiency  even  at  light  load. 

I  note  that  in  Table  I  of  Mr.  Sykes's  paper  the  last  four  coliunns 
of  passes  one  and  two  have  been  left  blank.  This  has  probably 
been  done  not  to  complicate  the  calculations  too  much.  It  is 
evident  that  the  motor  can  return  2197  h.p-sec.  during  the  five 
seconds  interval,  but  during  the  intervals  after  the  first  and 
second  passes,  only  1092  and  2167  h.p-sec.  are  required,  respec- 
tively, to  bring  the  flywheel  up  to  speed.  This  is  true  only  of  the 
first  slab  put  through  the  mill  after  the  motor  has  been  running 
idle  long  enough  to  come  up  to  light-load  speed,  but  if  the 
schedule  is  followed  as  shown  in  Fig.  11  when  the  second  slab 
enters,  1135  h.p-sec.  are  still  required  to  bring  the  flywheel  up 
to  light  load  speed.  This  shortage  is  made  up  during  the  inter- 
vals after  the  first  and  second  passes  by  the  motor  returning 
2197  h.p-sec.  to  the  flywheel  in  each  case,  instead  of  1092  ana 
2167,  respectively. 

Wilfred  Sykes:  In  Mr.  Wilson's  discussion  of  the  first  paper 
he  refers  to  the  use  of  flywheels  being  a  necessary  evil.  That 
is  quite  true.    But  the  flywheel  makes  it  commercially  feasible  to 
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drive  rolling  mills  electrically,  which,  in  the  majority  of  cases, 
would  otherwise  not  be  possible.  The  diagram  referred  to  in 
the  discussion,  that  is,  the  one  given  in  the  paper,  is  actually 
made  up  from  tests  on  a  plate  miU,  in  fact,  it  is  the  result  of  the 
test,  modified  somewhat  to  give  it  in  roimd  figures,  but  for  all 
practical  purposes  they  are  the  test  figures  obtained. 

Mr.  WUson  refers  to  the  possibility  of  canning  the  peak  loads 
to  the  power  station.  The  imiversal  complaint  that  one  hears 
from  the  operators  in  steel  mills  is  that  their  power  stations 
are  all  fully  loaded,  and  they  never  have  enough  generator 
capacity  to  carry  the  load,  and  anything  that  produces  a  peak 
is  about  the  most  imdesirable  thing  they  can  think  of,  next  to 
something  that  will  give  them  a  bad  power  factor. 

Mr.  Haar  in  his  discussion  referred  to  the  differences  that 
exist  in  tests  that  have  been  published.  I  have  studied  some  of 
these  tests  rather  closely,  and  I  believe  a  good  deal  of  the  differ- 
ence is  due  to  the  method  of  testing.  Some  years  ago,  I  had 
some  work  to  do,  involving  such  testing,  and  as  we  did  not  know 
before  starting  what  the  difficulties  were,  we  got  all  sorts  of 
results,  and  exactly  the  same  thing  occtirred  in  tests  referred  to 
in  this  discussion.  That  is  why  it  was  necessary  to  make  a 
preliminary  test  extending  over  about  two  months.  It  took  that 
time  to  train  the  people  so  that  they  would  operate  the  instru- 
ments properly  and  get  the  information  accurately.  One  of  the 
most  difficult  things  was  to  get  all  the  information,  in  the  first 
place,  and  after  we  had  the  observers  trained  properly  so  that 
they  would  get  all  the  information,  the  next  difficulty  was  to 
get  the  information  correctly.  The  preliminary  results  which 
were  obtained  varied  several  himdred  per  cent  and  were  wholly 
unreliable.  It  was  after  the  people  had  been  trained  for  a  couple 
of  months  to  work  together  that  they  reached  such  a  state  of 
perfection  in  their  operations  that  they  could  go  into  a  mill  and 
make  tests  which  would  be  reliable  from  the  beginning. 

A  great  deal  of  this  trouble  was  due  to  the  fact  that  we  did  not 
appreciate  the  necessity  of  calibrating  our  apparatus  often 
enough.  We  thought  if  we  calibrated  it  once  a  day  it  was  all 
right.  Actually,  we  found  we  had  to  calibrate  the  apparatus 
after  every  test,  and  that  is  not  an  easy  proposition,  and  involved 
the  employment  of  a  great  many  instruments. 

Mr.  Cheney  has  brought  out  very  well  the  subject  of  power 
factor.  It  is  often  asked,  **  Why  don*t  you  put  in  a  motor  that 
is  big  enough  to  carry  the  load,  so  that  there  will  be  no  doubt 
about  it?"  In  some  cases  they  have  such  machines,  and  they 
do  not  know  how  to  run  the  generating  stations  on  account  of 
the  low  power  factor. 

Mr.  Westcott  referred  to  the  tests  on  steam-driven  mills. 
In  that  connection  I  think  it  might  be  well  to  refer  to  a  type 
of  steam  indicator  that  has  been  developed  in  Europe  by  Rosen- 
kranz.  This  indicator  has  been  used  in  Europe,  and  to  some 
extent  in  this  country.    When  you  make  a  test  with  an  ordinary 
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closed  diagram  the  lines  get  so  mixed  up  that  in  many  cases  you 
cannot  make  out  where  one  diagram  begins  and  the  other 
ends,  and  tmder  such  circumstances  it  is  difficult  to  get  acctu'ate 
results.  Instead  of  using  a  closed  diagram  Rosenkranz  brought 
out  an  arrangement  of  diagrams  which  has  the  appearance  of 
an  ordinary  graphic  recording  meter  chart.  This  indicator 
makes  it  possible  to  make  fairly  reliable  tests  and  secure  reliable 
results  from  steam  mills,  where  it  was  not  possible  to  obtain 
very  consistent  results  with  the  ordinary  closed  indicator  diagram. 

Regarding  the  method  used  for  obtaining  the  section  when 
rolling  heavy  materials,  such  as  angles,  channels,  etc.,  we  have 
managed  to  persuade  the  mill  people  in  a  great  many  cases  to 
run  out  a  piece  after  a  pass  so  that  we  got  a  section  of  it.  We  did 
not  always  succeed  in  doing  this.  If  they  were  not  very  busy 
we  managed  to  get  them  to  do  it,  but  it  was  not  always  easy. 

The  paper  was  driven  from  a  countershaft,  all  instruments 
being  driven  by  the  same  coimtershaft,  and  the  whole  thing 
driven  by  a  little  motor,  from  a  storage  battery,  or  sometimes 
directly  from  the  lighting  circuit.  The  speed  stated  in  the  paper, 
of  one  inch  (25.4  mm.)  per  second,  was  not  always  used.  We 
arranged  the  speed  according  to  the  class  of  mill  with  which 
we  were  dealing.  If  we  had  a  rapidly  fluctuating  load  the  high 
paper  speed  was  employed.  If  the  load  did  not  fluctuate,  then  a 
lower  speed  was  used.  In  all  of  these  tests  we  never  succeeded 
in  getting  the  people  to  slow  down  their  mills  to  accommodate  us. 
All  the  tests  were  made  while  the  mills  were  running  at  their 
normal  rate  of  production,  and  that  complicated  the  matter  a 
good  deal. 

>  Mr.  Petty  asked  if  any  information  was  available  as  to  the 
effect  of  the  rate  of  displacement.  The  effect  of  the  rate  of  dis- 
placement is  not  very  great,  so  far  as  I  can  determine,  and  the 
whole  thing  is  so  covered  up  with  other  factors,  that  I  am 
doubtful,  without  making  a  series  of  investigations  especially 
with  that  object  in  view,  if  it  is  possible  to  say  definitely  what 
effect  it  has  upon  the  power  requirements. 

Referring  to  Mr.  Crosby's  discussion,  there  is  no  doubt  that 
the  separation  of  the  electrical  equipment  from  the  mill  is  an 
important  factor  in  insuring  satisfactory  operation  and  this  is 
practically  the  universal  custom,  but  this  does  not  obviate  a 
number  of  difficulties  that  occur  with  complicated  control 
apparatus. 

Regarding  the  use  of  three-phase  commutator  regulating 
machines,  it  has  been  pointed  out  that  such  schemes  have  the 
general  drawback  that  they  require  good  attention,  more  so 
than  is  usually  given  apparatus  in  steel  mills  in  this  country. 
However,  the  general  use  of  25  cycles  in  our  mills  makes  it  easier 
to  design  good  machines  than  is  the  case  in  Europe,  where  50 
cycles  is  nearly  always  used.  This  is  especially  true  of  the  re- 
voking field  type.  The  regulating  schemes  invohnng  the  use 
of  a  synchronous  con\'CTtcr  in  the  rotor  circuit  are,  on  the  other 
hand,  placed  at  a  considerable  disadvantage  on  accoutvt  ol  ^.Vr. 
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lower  frequency,  compared  with  European  plants,  and  it  is  hard- 
ly to  be  anticipated  that  they  will  be  used  to  any  appreciable 
extent,  on  account  of  the  high  cost.  In  discussing  such  a  subject 
it  is  desirable  to  give  particular  attention  to  the  difficulties  that 
may  be  met  with,  so  that  the  problem  may  be  fully  understood 
before  installations  are  made.  Mr.  Crosby's  anticipation  that 
some  of  the  schemes  described  will  present  difficulties  is  rather 
hard  to  answer,  as  he  has  not  stated  just  what  he  fears.  Ma- 
chines built  along  the  lines  of  the  newer  types  described  have  given 
very  good  results  under  severe  conditions  and  it  is  difficult  to 
understand  just  what  troubles  he  has  in  mind.  We  fail  to  see 
where  any  difficulty  exists  in  passing  the  slip  energy  through  a 
transformer,  as  surely  this  is  preferable  to  using  a  rotating 
machine,  such  as  shown  in  Fig.  4,  and  also  more  efficient.  The 
system  shown  in  Fig.  5,  which  is  in  commercial  use  in  Europe, 
has  this  feature.  The  arrangements  shown  in  Figs.  9  and  10 
avoid  the  use  of  a  transformer,  but,  of  course,  they  can  only  be 
used  on  comparatively  low- voltage  circuits. 

It  is  important,  however,  to  avoid  energy  transformations  as 
much  as  possible,  or,  in  other  words,  to  return  the  rotor  energy 
as  directly  as  possible  to  the  line.  The  systems  referred  to  by 
Mr.  Crosby  are  generally  well  known,  the  one  using  a  three- 
phase  commutator  motor  being  shown  by  Fig.  4  of  our  papier. 
The  speed  regulation  requires  the  transformation  of  energy  from 
the  primary  to  rotor  circuit,  then  into  mechanical  energy  by 
the  commutator  motor,  and  again  into  electrical  energy  by  the 
inductive  machine. 

That  such  an  arrangemcnL  is  not  the  limit  of  development, 
is  clear,  and  other  systems  were  described  in  our  paper  which 
avoid  at  least  one  of  these  transformations.  Even  the  arrange- 
ment shown  in  Fig.  5,  using  a  transfonner,  has  the  advantage 
over  the  older  systems  that  l)()th  ]jower  factor  and  speed  can  be 
regulated  without  shifting  the  brushes,  or  the  use  of  complicated 
auxiliary  i^hase  combinations.  The  newer  arrangement  des- 
cribed can  be  readily  designed  to  operate  from  below  to  above 
synchronism,  which,  however,  is  not  the  case  with  the  systems 
mentioned  by  Mr.  Crosby,  due  to  the  difficulty  of  obtaining 
current  in  the  commutator  machine  when  passing  through  syn- 
chronism. The  possibility  of  regulating  above  and  below  syn- 
chronism reduces  the  maximum  energy  to  be  handled  by  the 
commutator  motor  to  one-half  of  what  is  necessary  for  a  certain 
speed  range  compared  with  arrangements  regulating  only  below 
synchronism.  It  also  reduces  the  frequency  of  the  current  to 
be  handled,  which  is  ])articularly  desirable  for  commutator 
machines.  With  the  system  shown  in  Fig.  3,  even  if  arrange- 
ments could  be  made  to  run  above  synchronism,  the  commutator 
machines  would  have  to  be  driven  by  the  main  motor  as  a  gen- 
erator, and  the  available  torque  is  corresi)on(iingly  reduced, 
whereas  generally  the  reverse  is  required. 

We  believe  it  can  be  safely  said  that  the  limit  of  development 
of  such  schemes  has  not  been  reached,  and  we  have  indicated 
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in  our  paper  some  of  the  lines  along  which  improvements  can 
be  made.  Other  systems  promising  further  improvements  are 
receiving  attention,  but  cannot  be  discussed  at  present. 

This  brings  up  the  point,  in  connection  with  mining  work, 
especially  in  this  country,  that  you  must  look  out  very  carefully 
for  anything  that  introduces  complication.  The  more  machinery 
or  control  apparatus  you  have,  the  more  trouble  you  will  have 
with  the  system. 

The  point  brought  out  by  Mr.  Robinson  covers  one  of  the 
dijfficulties  we  ran  into.  It  is  quite  true  that  the  spark  has  a 
tendency  to  jump  around,  and  we  found  it  was  necessary  to  make 
pretty  careful  arrangements  to  insure  that  the  paper  went 
evenly  over  the  board  in  which  the  plate  was  recessed.  Then, 
in  addition  to  that,  we  had  to  use  a  special  paper,  to  avoid 
spreading  of  the  spark.  We  also  found  out  that  the  material 
used  for  the  spark  point  had  a  great  deal  to  do  with  the  matter.- 
If  we  used  platinum  and  shaped  it  properly  we  got  good  results. 
We  used  rather  a  light  spark,  which  did  not  bum  the  paper,  but 
the  puncture  could  be  distinctly  seen  by  holding  the  paper  to 
the  light.  After  the  test  was  made,  the  sheet  of  paper  was 
placed  on  a  plate  of  glass  and  the  curve  drawn  in  by  hand.  In 
that  way  it  was  possible  to  avoid  the  difficulty  of  the  spreading 
of  the  spark,  and  I  do  not  think  in  any  case  the  mark  of  the 
spark  was  more  than  0.01  in.  (0.25  mm.)  wide  in  the  tests  we 
made  after  the  preliminary  experiments  were  made. 

A.  Dyckerhoff  (communicated  after  adjournment):  In 
going  over  the  paper  on  The  Economical  Speed  Control  of  Al- 
ternating-Current Motors  Driving  Rolling  Mills y  it  occurs  to  me 
that  some  statements  made  in  this  paper  are  misleading,  and 
also  that  many  points  are  not  brought  out  which  should  be  men- 
tioned. While  I  do  not  wish  to  invade  the  territory  of  the  rolling 
mill  engineer,  whose  task  it  is  to  find  out  the  best  rolling  methods, 
and  to  whose  needs  the  electrical  manufacturer  has  to  adapt 
his  machinery  in  ways  consistent  with  the  best  engineering  prac- 
tise, I  wish  to  make  a  few  remarks  as  an  electrical  engineer  con- 
nected with  steel  and  rolling  mills.  I  feel  myself  the  more  quali- 
fied to  speak  since  I  had  a  very  good  opportunity  during  the  past 
summer  to  study  in  Germany  the  question  of  economical  speed 
regulation  of  a-c.  motors,  and  its  reliability  in  practical  appli- 
cation under  severe  conditions. 

The  objection  may  be  made  that  the  rolling  mill  practise  in 
this  country  is  more  severe  than  in  Europe,  and  requires  also, 
on  account  of  the  more  or  less  unskilled  labor,  machinery  of  the 
most  heavy  construction  and  with  practically  fool-proof  control. 
It  will  be  seen,  however,  from  the  following  statements,  that  all 
such  objections  to  the  adaptation  of  similar  devices  can  be  easily 
overcome.  These  devices  are  selected  for  their  value  in  giving 
more  definite  speed  control  as  a  refinement  in  the  art  of  rolling 
steel,  and  for  cheapening  the  cost  of  producing  rolled  steel  through 
more  efficient  oi)eration. 
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The  statement  is  made  that  speed  regulation  on  merchant 
mills  depends  greatly  on  the  class  of  labor  operating  the  mill. 
Naturally  a  certain  gang  will  have  to  be  trained  for  a  particular 
mill  or  class  of  work,  but  the  lack  of  skilled  labor  should  not 
impose  the  necessity  of  providing  arrangements  for  speed  regu- 
lation which  would  otherwise  be  unnecessary.  In  the  case  of 
merchant  mills  of  the  continuous  type  for  high  production  the 
rolling  process  is  almost  automatic,  and  when  steel  is  being  rolled 
at  very  high  speed,  e,g,,  in  three-high  rod  mills,  unskilled  manual 
labor  can  be  almost  entirely  dispensed  with  by  using  "  guides  *' 
leading  the  metal  from  one  pass  to  another. 

It  is  the  nature  of  the  rolling  process  that  merchant  mills  with 
a  wide  range  of  work  require  speed  adjustment,  particularly 
mills  rolling  refined  material  such  as  tool  steel,  spring  steel,  etc., 
where  accuracy  of  section  is  necessary.  This  applies  especially 
to  mills  running  at  low  speed  and  rolling  higher  grade  sheet  and 
tin  plate,  stampings  for  electric  machinery,  etc.  In  most  of 
these  cases  speed  adjustment  is  essential  for  reasons  of  quality 
of  metal  and  finish  of  product.  Metal  of  this  kind  is  often 
worked  at  low  temperatures,  thus  requiring  more  power.  Since 
many  firms  rolling  such  material  do  not  own  electric  power 
plants,  but  have  to  buy  electric  power,  they  are  particularly  con- 
cerned with  putting  in  the  most  economical  speed  adjustment 
devices  they  can  get. 

There  are  certain  other  applications  where  speed  regulating 
devices  are  desirable  in  order  to  secure  better  operating  con- 
ditions. Continous  mills,  a  type  much  in  evidence  in  this  coimtry, 
may  offer  possibilities  for  great  improvement  in  conditions,  due 
to  their  large  output.  Where  the  range  of  product  of  an  existing 
mill  is  increased  by  adding  several  roll  stands,  a  small  regulating 
set  attached  to  the  roll  motor  may  increase  its  output  sufficiently 
to  carry  the  entire  load  under  the  new  conditions,  whereas  a 
larger  motor  would  be  otherwise  required. 

Rheostatic  Control.  It  is  pointed  out  above  that  in  many 
cases  a  steady  speed  regulation  is  required,  for  rolling  reasons. 
It  follows  that  a  resistance  control  cannot,  for  inherent  reasons, 
give  as  good  results  as  can  be  obtained  by  the  new  speed  regula- 
tion devices,  even  if  an  automatic  regulation  of  the  resistance 
is  applied  so  as  to  vary  it  inversely  with  the  load.  In  ordinary 
merchant  mills  a  speed  regulation  of  from  10  to  15  per  cent  of 
synchronous  speed,  obtained  by  rheostatic  control,  may  be  just 
as  economical  under  certain  conditions  as  that  obtained  by 
regulating  sets,  and  being  more  practicable  is  therefore  more 
desirable.  That  a  rheostatic  speed  regulation  of  25  to  30  per 
cent  can  be  just  as  economical  as  that  obtained  with  any  other 
auxiliary  arrangement,  not  considering  the  question  of  satis- 
factory operation,  is  an  assertion  that  will  not  hold  true  in  ordi- 
nary practise.  In  the  example  cited  of  a  jobbing  mill  carrying 
full  load  only  20  per  cent  of  the  running  time,  a  condition  is 
illustrated  that  is  rarely  met  with,  as  it  means  bad  mill  practise 
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and  excessive  costs  due  to  light  running.  Furthennore,  several 
points  are  omitted  which  should  be  taken  into  account.  First 
of  all,  the  power  factor  on  the  motor  decreases  with  the  rheostatic 
regulation  considerably;  further,  the  efficiency  of  the  converting 
equipment,  including  transformer,  is  rather  low  (about  two  per 
cent  higher  could  be  obtained  at  full  load  and  three  per  cent 
higher  at  light  load  with  a  proper  arrangement).  I  assume 
that  the  transformer  mentioned  was  connected  between  the  rotor 
ring  and  the  converter,  but  the  transformer,  however,  can  be 
entirely  dispensed  with,  since  it  does  not  assist  in  the  cheapening 
and  improving  of  the  arrangement  in  any  way.  There  is  also 
an  improvement  of  the  power  factor  on  the  motor  to  approxi- 
mately 100  per  cent  over  almost  the  entire  range  of  regulation, 
which  means  that  a  motor  of  a  smaller  rating  could  eventually 
be  chosen.  Any  of  these  points  should  be  fully  taken  into  ac- 
count; however,  none  has  been  mentioned.     It  is  nothing  but 
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fair  to  consider  the  efficiencies  of  the  different  regulating  sets  and 
rheostatic  regulation  under  equal  conditions  as  found  in  ordinary 
practise,  and  to  leave  out  entirely  exceptions  due  to  certain 
local  conditions.  This  assumption  of  general  conditions  is 
illustrated  by  the  curves  in  Fig.  4  of  this  discussion,  which  are 
based  on  actual  tests  representing  present-day.  practise.  It  will 
be  noted  that  the  best  result  has  been  obtained  by  the  converter 
d-c.  motor  system,  and  therefore  the  statement  remains  to  be 
proved  that  some  of  the  newer  methods,  referred  to  on  page  2074 
of  the  paper  by  Messrs.  Meyer  and  Sykes,  give  more  economical 
regulation  than  an  arrangement  requiring  the  conversion  of  the 
energy  to  direct  current. 

Multi-Speed  Motors  and  Motors  in  Cascade.  It  is  a  matter 
of  fact  that  the  control  of  those  motors  is  rather  complicated. 
When  dialing  with  a  motor  arranged  for  pole  changing,  this 
arrangement  provides  for  a  few  speed  steps  only,  the  m\«:rKiR.- 


2114  ROLLING  MILLS— SPEED  CONTROL  [Nov.  8 

diate  steps  being  obtained  by  inserting  resistance.  The  power 
factor  of  such  a  motor  is  poor,  consequently  the  generators  and 
lines  are  loaded  unnecessarily  with  current.  In  the  case  of 
two  motors  in  cascade  this  feature  of  a  low  power  factor  is  still 
more  doubtful,  the  cascade  motor  forming  a  high  inductive  re- 
sistance for  the  main  motor,  thus  resulting  in  high  wattless 
current  in  the  system.  If  there  is  a  choice  between  a  multi- 
speed  motor  and  motors  in  cascade,  the  former  is  preferable. 
The  latter  arrangement  is  used  in  very  few  installations  in  this 
country  as  well  as  in  Europe,  where  they  have  been  using  d-c. 
roll  motors,  which  are  so  ideal  as  to  speed  regulation,  to  a  greater 
extent  than  in  this  country. 

Regulating  Sets,  There  are  four  different  kinds  of  regulating 
systems  in  successful  operation: 

1.  Induction  motor  with  synchronous  converter,  feeding 
d-c.  motor,  connected  mechanically  to  shaft  of  induction  motor, 
known  as  the  Kramer  set. 

2.  Induction  motor  with  three-phase  commutator  motor 
coupled  to  same. 

3.  Induction  motor  connected  electrically  to  three-phase 
commutator  motor  which  drives  induction  machine  feeding  back 
to  the  line,  known  as  the  Schcrbius  set. 

4.  Induction  motor  with  frequency  changer  feeding  its 
secondar>''  energy  back  to  the  line,  known  as  the  Heyland  system. 

A  pplication .  The  nature  of  rolling  processes  generally  requires 
high  torque  and  low  speed  for  heavy  stock,  and  low  torque  and  high 
speed  for  light  sections,  and  also,  when  rolling  a  certain  section, 
high  torque  at  low  speed  is  necessary  for  the  first  passes  and  light 
torque  and  high  speed  for  the  last  passes.  The  rolling  mill 
is  therefore  entirely  a  constant  output  proposition,  i.e.,  the  torque 
increases  with  decreasing  speed,  whereas  in  the  case  of  fans, 
blowers,  and  pumps,  low  torque  is  wanted  at  low  speed.  From 
this  it  follows  that  the  d-c.  motor  system  (set  No.  1)  and  the 
three-phase  commutator  motor  cascade  (set  No.  2)  are  in  their 
nature  more  adaptable  for  roll  trains  than  any  other  system, 
of  which  two  the  latter  is  preferable  on  account  of  requiring 
only  one  additional  machine  and  converting  the  secondary  energy 
of  the  induction  motor  directly  into  mechanical  power.  I  know 
of  installations  where  such  sets,  arranged  for  a  regulation  of 
more  than  30  per  cent  on  merchant  mills,  are  operating  very 
satisfactorily.  This  country  is  more  fortunate  than  Europe 
in  using  25-cycle  circuits  for  steel  mills,  which  makes  the  design 
of  three-phase  commutator  motors  easier,  although  the  output 
is  limited.  The  maximum  speed  regulation  in  operation  with 
the  Kramer  system  is  somewhat  more  than  60  per  cent  in  con- 
nection with  an  induction  motor  of  1000  h.p.  There  is  under 
construction  a  set  calling  for  the  regulation  of  a  2000-h.p.  motor 
over  a  range  of  55  per  cent.  The  two  systems,  Kramer^and 
d-c.  commutator  motor  cascade,  thus  respond,  to  a  great  ex- 
tent, to  the  needs  of  rolling  practise,  but  this  does  not  do  away 
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with  the  great  usefulness  and  adaptability  of  the  other  systems. 
Some  of  the  merits  of  the  remaining  systems  are  as  follows: 
(1)  they  are  very  suitable  for  a  high  range  of  regulation;  (2) 
they  can  be  designed  for  their  most  suitable  speed;  (3)  they  can 
be  placed  independently  of  the  mill  itself ;  (4)  they  possess  certain 
other  advantages  mentioned  in  the  course  of  the  discussion. 
Thus  far  a  Schcrbius  set  is  opcrajiing  in  connection  with  a  roll 
motor  of  1800  h.p.  with  a  speed  regulation  of  50  per  cent,  and  a 
Heyland  frequency  changer  in  connection  with  a  900-h.p. 
motor  for  approximately  45  per  cent  regulation.  If  a  choice 
is  to  be  made  between  the  three-phase  commutator  motor  cas- 
cade and  the  Kramer  set,  the  former  is  preferable  for  a  roll  motor 
rimning  at  high  speed  for  a  limited  range  of  speed  regulation,  and 
for  motors  at  medium  speed  and  speed  regulation  usually  met 
with,  say,  up  to  65  per  cent,  the  Kramer  set  is  preferable;  and 
for  low-speed  motors  with  wide  range  separate  regulating 
sets  should  be  chosen.  Thus  far  the  Kramer  set  seems  very 
adaptable  for  this  country,  as  the  design  of  the  synchronous 
converter  has  reached  a  higher  stage  of  development  in  the  United 
States  than  in  Europe;  its  reliability  is  proved  by  its  extended 
use  in  power  stations  and  railroad  service,  and  its  operation  is 
familiar  to  attendants.  Also,  the  three-phase  commutator  motor 
cascade  promises,  from  its  successful  operation  as  single-phase 
motor  in  railroad  service,  to  be  a  reliable  asset  in  steel  mill 
drives. 

Number  in  Operation.  It  is  interesting  to  note  that  approxi- 
mately 57  motors  with  a  total  rating  of  approximately  64,000 
h.p.  (continuous  rating  at  high  speed  of  main  motor  only)  are 
equipped  with  economical  speed  regulating  devices,  of  systems 
1,  2,  3,  or  4.  Of  this  64,000  h.p.,  motors  totalling  approximately 
17,000  h.p.  are  under  construction  or  are  intended  for  speed 
regulation.  The  total  amount  of  64,000  h.p.  is  distributed 
among  the  different  systems  approximately  as  follows: 

Synchronous  convcrter-d-c.  motor  system 57  per  cent. 

Scherbius  system 19  per  cent. 

Three-phase  commutator  motor  cascade 18  per  cent. 

Frequency  changer  system 6  per  cent. 

Of  this  64,000  h.p.  approximately  12,000  h.p.  is  driving  fans, 
blowers  and  pumps,  and  45,000  h.p.  is  driving  roll  trains,  the 
distribution  of  which  on  the  various  systems  amounts  approxi- 
mately to: 

Synchronous  converter-d-c.  motor  system 75  per  cent. 

Schcrbius  system 13  per  cent. 

Three-phase  commutator  motor  cascade 9  per  cent. 

Frequency  changer  system 3  per  cent. 

,  From  these  statistics  it  will  be  seen  to  what  a  great  extent 
(about  70  per  cent)  the  roll  train  motors  share  in  the  total 
amount,  and  to  what  a  great  percentage  (75  per  cent)  the  syn- 
chronous convcrtcr-d-c.  motor  system  is  represented.  The  latter 
system  is  also  supplied  for  a  great  amount  of  the  17,000  h.p. 
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under  construction.  The  frequency  changer  system  was  brought 
out  only  about  two  years  ago,  which  accounts  for  its  small  shaxe. 
Efficiency.  Besides  having  a  reliable  operation  it  is  of  the 
greatest  interest  to  learn  what  efficiencies  have  been  obtained 
in  actual  service.  Fig.  4  (see  Electrische  Kraftbetriebe  und 
Bahnetiy  1912,  No.  21)  shows  the  over-all  efficiencies  of  three 
systems  with  their  resix^ctive  motors  compared  with  rheostatic 
control.  These  motors  are  drixang  fans,  are  approximately  of 
the  same  output,  and  therefore  permit  the  direct  comparison 
as  shown.  From  this  it  will  be  seen  that  the  sjoichronous  con- 
verter-d-c.  system  gives  the  best  efficiencies,  followed  by  the 
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F*iG.  5 — Efficiency    Curves   for   Speed   Regulation   by   means   of 
Three-phase  Commutator  Motor  on  Roll  Motor  Shaft  com- 
pared WITH  Rheostatic  Control.     Main  Motor 

1000  H.P.,  360  rev.  per  min. 

frequency  changer  system  and  the  Scherbius  system,  which 
operate  practically  at  the  same  efficiency.  I  understand  that 
the  efficiencies  of  the  latter  two  have  been  increased  lately. 
Further,  the  curves  show  that  the  efficiencies  of  the  Kramer 
set  and  rheostatic  control  are  approximately  the  same  at  4.5 
per  cent  speed  regulation,  and  those  of  the  frequency  changer  and 
Scherbius  system  and  rheostatic  control  the  same  at  approxi- 
mately 7  per  cent.  This  means  that  a  speed  regulation  above 
4.5  per  cent  and  7  per  cent,  respectively,  in  these  particular 
cases,  is  therefore  more  economical  with  regulating  sets  than  with 
rheostatic  control.  The  synchronous  converter  requires  ap- 
proximately at  least  two  cycles  for  operation  free  from  hunting, 
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which  means  that  with  a  frequency  of  25  cycles,  as  used  in  steel 
mills,  operation  for  less  than  about  8  per  cent  speed  regulation 
will  not  be  very  satisfactory. 

Fig.  4  does  not  give  the  efficiency  of  a  three-phase  commutator 
motor  cascade  set;  this,  however,  can  be  taken  from  Fig.  5 
(see  Electrische  Kraftbetriebe  und  Baknen,  1910,  Nos,  6  and  7), 
showing  efficiencies  of  such  a  cascade  set  compared  with  rheo- 
static  control.  It  will  be  noted  that  such  a  set  has  an  efficiency 
approximately  two  to  three  per  cent  less  than  the  synchronous 
converter-d-c.  motor  system. . 

For  comparison  of  a  three-phase  commutator  motor  cascade 
set  with  a  Scherbius  set  Fig.  6  (see  EUctrische  Kraftbetriebe  und 
Bahnen,  1910)  has  been  prepared,  and  it  will  readily  be  seen 
that  the  three-phase  commutator  motor  cascade  is  superior 
in  efficiency  to  a  Scherbius  set  by  several  per  cent,  depending 
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Pic.  6 — Efficiency   Curves   for   Sfebd   Regulation    bv   ueans   of 

Scherbius  Set,  with  and  without  5  per  cent  Speed  Drop  from 

No  Load  to  Full  Load  for  10,  15,  20  and  25  per  cent  of 

Normal  Speed,     Main  Motor — 1000  H.  P.,  360  bev.  per  min. 


on  the  amount  of  regulation  and  on  the  torque.  The  efficiency 
of  the  Scherbius  set  is  better  than  if  there  is  a  roll  motor  and  a 
three-phase  commutator  motor  operating  at  a  very  low  speed. 
How  far  the  efficiency  is  affected  by  a  speed  drop  of  5  per  cent 
from  no  load  to  full  load,  so  as  to  obtain  energy  from  the  fly- 
wheel, is  shown  by  the  dotted  lines.  This  disadvantage  of  a  lower 
efficiency  of  the  Scherbius  set,  however,  is  rather  compensated 
by  other  advantages.  In  connection  therewith,  I  would  men- 
tion that  by  means  of  such  a  set  18  to  20  per  cent  of  the 
energy  taken  by  a  roll  motor  of  1800  h.p.  at  375  rev.  per 
min.  driving  a  rod  mill  was  actually  returned  to  the  line,  this 
being  the  average  over  several  months  and  measured  by  actual 
readings  of  integrating  wattmeters. 

Power  Factor.  With  any  of  the  regulating  sets  mentioned, 
the  power  factor  of  the  circuit  has  been  brought  to  unity  and 
the  sets  operate  usually  imder  this  condition.     A  high  power 
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factor  is  Che  more  important  since  the  output  of  an  existing  motor 
can  be  increased,  or  in  a  new  plant  a  main  motor  of  smaller  output 
can  be  chosen,  under  proper  conditions,  by  adding  are  gulating 
set  or  a  three-phase  commutator  machine  as  a  phase  compen- 
sator. Fig.  7  shows  that  unity  power  factor  has  been  obtained 
with  the  synchronous  converter-d-c.  motor,  the  Scherbius  and 
the  Heyland  frequenc}'  changer  systems.  The  same  result  can 
also  be  obtained  with  a  three-phase  commutator  motor  cascade, 
but  not,  however,  with  such  a  simple  device  as  with  a  Kramer 
set,  where  merelj'  the  excitation  ,of  the  sjTichronous  converter 
is  regulated  till  unity  power  factor  is  obtained  on  the  motor. 
The  same  effect  can  \er>-  easih'  be  secured  with  a  frequency 
changer;  first,  either  by  shifting  the  stator  of  the  motor  driving 
the  frequency  changer  or,  second,  by  means  of  double  induction 
regulators  if  the  frequency  changer  is  connected  to  the  main 
motor  by  means  of  a  gear.    Both  of  these  methods  are  in  success- 
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ful  operation.  The  disadvantage  of  the  rheostatic  control  as 
compared  with  regulating  sets  is  borne  out  by  curve  4  of  Fig.  7 
of  this  discussion. 

Control.  A  word  may  be  said  as  to  control,  which  is  of  such 
importance  for  successful  operation.  In  most  cases  it  is  required 
to  arrange  the  control  so  that  it  is  fool-proof.  Comparing  the 
control  for  any  regulating  system  with,  for  instance,  that  of  a 
multi-speed  roll  motor,  it  will  readily  be  seen  that  one  is  prac- 
tically no  more  complex  than  the  other.  The  sequence  of  switch- 
ing operations  in  connection  with  regulating  sets  is  very  simple, 
and  in  all  instances  mechanical  or  electrical  interlocks  can  be 
provided.  Under  certain  conditions,  e.g.,  with  a  frequency 
changer,  synchronizing  is  necessary,  and  this  can  be  done  by 
automatic  synchronizers. 

In  a  great  many  installations  phase -potential  regulators  have 
been  used  successfully,  although  this  arrangement  involves 
higher  cost.     The  potential  regulator  has  also  been  used  in  con- 
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junction  with  the  synchronous  converter-d-c.  motor  system, 
connected  between  the  rotor  of  the  main  motor  and  the  converter, 
but  not  to  the  advantage  of  the  regulating  system,  because  of 
such  drawbacks  as  additional  high  cost,  large  converter,  lower 
eflSciency,  etc. 

There  is  another  important  field  of  application  of  the  three- 
phase  commutator  motor  in  connection  with  an  induction  motor 
and  flywheel.  This  application  is  the  more  important  in  this 
coimtry  as  the  three-phase  induction  motor  is  being  much  used 
in  connection  with  roll  trains,  whereas  in  Europe,  due  to  other 
conditions,  a  great  number  of  reversing  mills  are  in  operation 
which  require  a  flywheel  motor-generator  set  interposed  between 
the  line  and  the  roll  motor.  This  arrangement  involves  a  triple 
conversion  of  energy  from  the  switchboard  in  the  motor  room 
to  the  roll  necks,  and  accordingly  heavy  losses.  The  tendency 
in  this  country  is  mostly  to  use  the  electric  energy  directly  in  the 
roll  motors,  thus  requiring  from  the  switchboard  to  the  roll 
necks  only  one  conversion  of  energy  and  saving  the  losses  imposed 
by  two  more  conversions. 

It  may  be  desirable  to  smooth  out  the  peaks  on  the  line  where 
a  motor  drives  the  roll  train  directly,  and  in  such  cases  a  flywheel 
set  with  induction  motor  and  three-phase  commutator  motor 
can  give  very  good  service.  It  is  mainly  the  task  of  the  three- 
'phase  commutator  motor  to  enable  the  three-phase  induction 
motor  to  act  as  a  generator  below  synchronous  speed,  taking  its 
energy  from  the  flywheel  and  supplying  current  to  the  line. 
At  the  same  time,  the  three-phase  commutator  motor  takes  care 
of  the  economical  speed  regulation  of  the  induction  motor. 
The  whole  arrangement  can  be  made  automatic. 

A  similar  application  of  a  three-phase  commutator  motor 
may  also  be  useful  in  connection  with  an  Ilgner  set  for  the  pur- 
pose of  improving  its  efficiency. 

The  above  points  rectify  some  erroneous  statements  made  in 
the  paper  and  outline  what  really  has  been  obtained  under  actual 
operating  conditions  in  Europe,  which  same  conditions  hold 
true  to  a  great  extent  in  this  country. 

In  regard  to  the  systems  described  on  page  2084  and  following, 
I  would  say  that  the  above  statements  of  a  general  nature  which  I 
have  made  hold  true  also  for  the  new  regulating  arrangements, 
especially  as  to  the  adaptation  of  frequency  changers  to  roll 
trains.  These  systems  apparently  represent  some  simple  features, 
but  so  far  arc  not  yet  proven  by  practical  application,  as  far  as 
I  know,  and  the  results  will  be  awaited  with  interest.  If  there 
are  any  such  installations  I  should  like  to  know  where  they  are 
located,  also  the  output  of  the  motor  and  the  amount  of  regula- 
tion. I  would  further  like  to  know  for  what  theoretical  reasons 
synchronizing  of  the  frequency  changers  is  not  necessary,  al- 
though I  can  anticipate  the  means  for  synchronizing  which  might 
be  applied. 

The  main  part  of  the  switching  arrangement  of  the  frequency 
phanger,  as  shown  in  Fig.  9  and  Fig.  10  of  the  paper,  and  also 
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of  the  three-phase  commutator  motor,  Fig.  11  and  Fig.  12,  will 
consist  of  the  control  of  the  stator  winding.  These  windings 
will  have  to  have  many  taps  in  order  to  obtain  a  suflScient  number 
of  steps  and  thereby  fine  speed  regulation.  Fiuthermore,  re- 
sistance steps  or  similar  arrangements  will  have  to  be  provided 
in  order  to  avoid  short-circuiting  of  part  of  the  winding  when 
switching  from  one  tap  to  another.  In  connection  therewith, 
I  wish  to  say  that  the  operation  of  three-phase  commutator  mo- 
tors arranged  for  control  by  means  of  brush  shifting  has  proved 
very  satisfactory,  and  I  learn  that  in  consequence  of  this  many 
are  under  construction. 

Ford  W.  Harris  (commimicated  after  adjournment):  It 
seems  to  me  that  the  authors  have  made  a  little  too  much  of  a 
bugbear  of  the  complexity  of  control  and  of  control  wiring. 
The  latter  may  be  eliminated  at  once  as  a  matter  of  first  cost  only. 
That  is,  the  control  wiring  can  be  so  installed  that  it  is  absolutely 
no  trouble  to  maintain.  This  is  reasonable  enough,  as  it  is 
simply  stationary  material  that  may  be  protected  against  ex- 
ternal injury.  The  multiplicity  of  switches  is  another  matter, 
but  even  here  a  good  word  may  be  said  for  the  simpler  motors 
that  may  be  used  if  a  little  switch  complexity  is  allowed. 

Fiuther,  it  will  be  found  that,  by  a  little  care  in  laying  out  the 
sequence  of  switching  operations,  all  the  maintenance  will 
fall  on  one  or  two  switches  and  the  remainder  will  be  more  or 
less  free  from  arcing  and  wear.  As  to  making  them  operate 
automatically,  the  writer  has  become  convinced  that  there  is 
really  no  question  that,  by  suitable  arrangements  of  interlocks 
and  contacts,  automatic  control  can  be  made  practically  in- 
fallible. The  only  requirement  is  good  switches  in  the  first  place 
and  a  moderate  amoimt  of  attention.  It  is  my  opinion  that  either 
a  cascade  or  rheostatic  control  would  probably  work  out  more 
cheaply  and  be  more  satisfactory  to  maintain  than  either  of 
the  several  commutator  type  systems  shown.  The  item  of 
economy  is,  of  course^  getting  to  be  of  importance,  as  the  steel 
mill  engineers  are  fast  getting  to  a  point  where  they  can  get 
absolutely  satisfactory  service  and  they  are  more  and  more 
bending  their  energies  to  the  refinements  that  tend  toward  lower 
fixed  charges  and  lower  operating  expense. 
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HIGH-FREQUENCY    TESTS     OF    LINE     INSULATORS 


BY    L.   £.   IMLAY  AND  PERCY  H.   THOMAS 


The  object  of  this  paper  is  to  present  for  consideration  certain 
very  interesting  and  suggestive  high-frequency  insulator  tests 
recently  made  by  the  authors.  These  tests  were  undertaken  to 
determine  the  availability  of  a  certain  insulator  for  use  on  a 
projected  38,000-volt  line  and  resulted  in  a  radical  modification 
of  the  design.  Having  a  strictly  utilitarian  purpose  in  view, 
these  tests  were  not  expanded  to  the  point  that  would  be  desirable 
from  a  scientific  point  of  view,  although  the  nature  of  the  results 
shows  the  great  desirability  of  further  research  in  this  same  field. 
With  this  explanation  the  plan  of  the  tests  will  be  understood. 

A  certain  transmission  system*  has  used  three  parallel  circuits 
operating  at  22,000  volts  to  transmit  a  rather  large  amount  of 
power  some  16  miles  for  a  number  of  years.  The  demand 
for  more  power  has  rendered  a  new  line  necessary,  which  is  being 
installed  for  38,000-volt  operation.  The  insulators  on  the  old 
lines  are  made  of  electrose,  having  an  umbrella  petticoat  about 
12  in.  (30.4  cm.)  in  diameter,  and  a  second  smaller  petticoat  about 
6  in.  (15.2  cm.)  in  diameter.  They  were  originally  intended  to  be 
used  on  38,000  volts  when  the  rise  of  the  load  should  require. 
Experience  showed  that  these  insulators  occasionally  punctured 
through  the  head  from  lightning,  such  failures  being  very  difficult 
to  find.  The  insulators  afe  mounted  on  grounded  steel  pins. 
This  sort  of  failure  was  very  surprising  in  view  of  the  fact  that 
these  insulators  had  never  been  ptmctured  in  testing,  though  they 
would  arc  over  when  wet  at  about  90,000  volts,  as  indicated  on 
the  primary  side  of  a  25-cycle  testing  transformer. 

It  was  this  discrepancy  between  the  repeated  punctures 
through  the  head  from  the  conductor  to  the  pin  due  to  lightning, 
and  the  steady  refusal  of  the  insulators  to  puncture  on  a  25-cycle 
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testing  set,  that  led  to  the  high-frequency,  high-voltage  tests 
described  below. 

These  tests  were  made  to  determine  directly  whether  any  differ- 
ence in  the  behavior  of  the  instdators  could  be  determined  be- 
tween the  use  of  high  frequency  and  60  cycles,  both  produced 
in  the  laboratory. 

The  circuits  for  the  high-frequency  tests  are  shown  in  Fig.  11. 

In  this  figure  is  indicated  a  500-kw.,  750,000- volt  transformer. 
One  side  of  this  transformer  is  grounded  and  the  other  side 
connected  to  the  discharge  apparatus.  The  "  plate  "  shown 
was  a  sheet  iron  plate  approximately  eight  by  nine  ft.  (2.4  by 
2.7  m.),  estimated  capacity  0.0001  microfarad,  suspended  by  a 
cord  approximately  3.5  ft.  (1.06  m.)  from  a  large  transformer 
tank,  which  served  as  a  ground  plate.  The  coils  marked  A ,  B 
and  C  were  three  air-core  choke  coils  intended  to  protect  the 
transformer.  The  coil  A  was  a  helix  having  a  diameter  of  18  in. 
(45.6  cm.),  and  had  approximately  22  turns  of  wire,  the  turns 
being  spaced  approximately  three  in.  (7.6  cm.)  apart.  The  coil 
B  was  circular  and  approximately  24  in.  (60.9  cm.)  in  diameter 
and  had  10  turns.  The  coil  C  was  a  pancake  coil  and  had  ap- 
proximately 200  turns  with  a  mean  length  of  turn  of  37.7  in.  (95.8 
cm.)  This  coil  C  was  shunted  by  a  graphite  resistance  of  about 
125,000  ohms. 

The  insidator  to  be  tested  was  mounted  on  a  wooden  box  some 
four  ft.  (1.22  m.)  from  the  floor  and  had  a  half-inch  (12.7-mm.) 
brass  rod  tied  in  the  groove  by  a  band  of  small  size  copper  wires. 
The  pin  carrying  this  insulator  was  grounded  through  a  wire 
approximately  six  ft.  (1.8  m.)  long.  The  length  of  the  lead  from 
the  transformer  terminal  to  the  condenser  plate  was  approxi- 
mately 50  ft.  (15.2  m.) 

A  series  discharge  gap  was  made  by  approaching  a  second  brass 
rod  mounted  on  a  wooden  stand  to  one  end  of  the  §-in.  (1.27-cm.) 
rod  tied  to  the  insulator,  the  second  rod  being  connected  to  the 
sheet  iron  condenser  plate  by  a  wire  two  or  three  ft.  (60  or  90  cm.) 
long. 

Where  a  measuring  gap  was  used,  as  recorded  in  the  reports 
below,  this  consisted  of  a  needle  point  gap  mounted  on  hard 
rubber  pedestals  located  some  six  ft.  (1.8  m.)  from  the  instdator 
under  test.  One  side  of  this  gap  was  connected,  either  with  or 
without  resistance,  to  the  conductor  on  the  insulator  under  test, 
and  the  other  side  was  connected  to  the  insulator  pin  or  to  the 
ground. 
The  genered  method  of  test  was  to  raise  the  voltage  of  the 
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generator  feeding  the  primary  until  a  discharge  occurred  across 
the  series  gap  onto  the  insulator.  With  the  adjustment  of 
generator  voltage  and  transformer  ratio  used,  the  result  of  the 
breakdown  of  the  gap  was  in  most  cases  to  so  reduce  the  applied 
voltage  that  the  arc  proper  would  drop  out,  at  least  partially, 
leaving  the  series  gap  nearly  intact,  and  thus  the  return  of  voltage 
on  the  next  alternation  would  be  obliged  to  nearly  reproduce  the 
original  breakdown  voltage  on  the  gap.  The  effect  of  this  ar- 
rangement was  to  give  a  continuous  succession  of  static  sparks 
lasting  as  long  as  voltage  remained  on,  that  is,  one  or  two  seconds, 
as  distinguished  from  the  holding  of  a  continuous  arc  over  the 
gap.  In  the  tests  of  June  24th,  however,  the  opposite  effect  was 
secured,  that  is,  a  single  static  spark  each  time  the  voltage  was 
raised,  followed  by  a  mild  arc. 


Fig.  1— Original  In! 


The  terms  "  application  of  voltaic  "  and  "  trial  "  used  herein- 
iiftcr  mean  the  raising  of  voltage  to  the  breakdown  point  and 
the  cutting  ofT  of  voltage  one  or  two  seconds  later. 

The  results  of  the  various  tests  have  been  tabulated  as  follows, 
and  the  tests  will  be  considered  briefly  in  groups. 

First  Group.  {Tests  1-2)  Normal  Flask-Over  Test,  Dry,  in  Air, 
60   Cycles, 

This  group  of  tests  was  preliminary  and  was  made  in  the  usual 
manner,  the  voltage  being  measured  by  a  spark  gap  checked 
api>roximately  by  a  voltmeter  reading  on  the  low-tension  wind- 
ing of  the  raising  transformer. 

In  no  case  did  an  insulator  puncture.  An  insulator  of  the  type 
shown  in  Fig,  1,  that  now  in  use  in  the  three  existing  lines, 
flashed  over  at  122,000  on  the  second  trial;  the  insulator  of  the 
type  shown  in  Fig.  2  flashed  over  at  150,000  volts.  The  insulator 
of  Fig.  2  is  a  new  design  that  was  intended  to  replace  the  insulator 
of  Fig,  1  and  to  resist  lightning  stresses  better.  Thetwo  insulators 
are  the  same  except  that  the  later  design  has  a  head  nearly  two 
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in.  (5  cm.)  thick  in  comparison  with  a  head  thickness  of  one  in. 
(2.5  cm.)  in  the  old  insulator  of  Fig.  1. 

Second  Group.  {Test  3)  Normal  Flash-Over  Testy  Wet,  in  Air, 
60  Cycles, 

These  tests  were  made  with  the  same  electrical  apparatus  as  the 
first  group.  Water  was  thrown  on  the  insulator  from  three 
spray  nozzles  at  one  side,  giving  a  very  heavy  "  scotch  mist." 
The  water  dripped  very  rapidly  from  the  petticoats  during  the 
tests,  but  no  direct  measurement  was  made  of  the  amount  of 
water  sprayed.     The  water  was  relatively  pure  river  water. 

The  insulator  of  Fig.  2  flashed  over  at  approximately  95,000 
volts. 

Third  Group,     (Tests  4-6)     Normal  Test  Under  Oil,  60  Cycles. 

The  insulators  were  immersed  in  good  *'  transil  *'  oil, 
bubbles  under  the  petticoats  and  in  the  pinhole  being  carefully 
eliminated.  The  insulator  of  Fig.  1  pimctured  through  the  head 
at  205,000  volts,  and  that  of  Fig.  2  flashed  over  the  surface, 
once  at  240,000  volts  and  once  at  250,000,  except  that  the  lower 
petticoat  was  punctured  at  a  point  intermediate  between  the 
edge  and  the  central  portion  in  the  latter  test. 

Fourth  Group,  {Tests  6^-9)  High- Frequency  Test:  apparatus 
as  shown  in  Fig,  11. 

The  insulator  of  Fig.  2,  that  is,  the  new  insulator  with  the 
2-in.  (5-cm.)  thickness  of  head,  punctured  from  the  conductor 
to  the  pin.  The  first  two  instdators  tested  failed  on  the  tenth  to 
fifteenth  applications  of  voltage,  and  the  third  insulator  on  the 
second  trial. 

This  result  was  most  surprising,  since  insulators  of  this  type 
had  flashed  over  the  surface  even  under  oil  rather  than  pimc- 
ture  through  the  head  at  60  cycles.  The  unusual  character  of 
this  behavior  made  a  furthur  investigation  imperative,  and  the 
following  tests  were  made. 

Fifth  Group.  {Tests  10-15)  High- Frequency  Tests  as  in  Fig. 
11.  {continued.) 

Insulators  of  the  iype  of  Fig.  2  were  altered  in  various  ways  and 
subjected  to  the  same  test.  As  electrose  can  be  sawed  and  drilled 
such  alterations  cotdd  be  easily  made.  The  results  were  as  fol- 
lows: 

a.  With  ^-in.  (6.3  mm.)  hole  drilled  at  the  base  of  the  lower 
petticoat,  the  insulator  failed  by  puncture  through  the  head  on 
the  twenty-fourth  trial. 

b.  With  l}-in.  (31.7-mm.)  turned  off  the  edge  of  the  upper 
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petticoat,  the  head  failed  as  before  on  the  sixth  trial.  This 
insulator  had  previously  flashed  over,  as  altered,  at  60  cycles 
on  130,000  volts,  dry. 

c.  With  four  equally  spaced  J-in  (6.3-mm.)  holes  drilled 
through  the  upper  petticoat  21  in.  (5.7  cm.)  from  the  edge,  this 
insulator  punctured  in  the  head  on  the  twenty-eighth  trial. 

d.  With  the  top  petticoat  entirely  cut  off,  an  insulator  punc- 
tured in  the  head  on  the  eighteenth  trial.  This  insulator,  as 
altered,  had  previously  arced  over  on  60  cycles  at  90,000  volts, 
dry. 

e.  An  insulator  with  both  petticoats  sawed  off  as  closely  as 
practicable,  leaving  a  stump  about  5  in.  (12.7  cm.)  high  to  the  tie 
wire  groove  and  a  little  over  5  in.  (12.7  cm.)  maximum  diameter, 
showed  no  failure  in  over  150  trials.    Apparently  this  insulator 


Fig.  3 — Elbctross  Insulator  of 
Fig.  2,  wits  Band  or  Lead  Foil 
ABOUT  Waibt 


Pig.  J — Type  E  Insulator— 
Electrose — 22.000  Vca,TS 


was  capable  of  standing  this  application  of  high  frequency  at 
340.000  volts  indefinitely. 

f.  A  similar  test  was  made  on  an  insulator  as  shown  in  Fig.  1 
with  ll  in.  (3.1  cm.)  turned  off  the  upper  petticoat.  This  punc- 
tured the  head  as  usual  on  the  fourteenth  trial.  Previously 
this  insulator  had  flashed  over  the  surface  on  60  cycles  at  130,000 
volts. 

These  results,  which  were  all  on  electrose  insulators,  showed 
most  plainly  that  the  resistance  to  high-frequency  stress,  in  this 
sort  of  apparatus  at  least,  bore  little  relation  to  its  strength 
against  the  normal  60-cycle  stress.  The  question  naturally 
arose,  were  these  results  peculiar  to  electrose?  Some  porcelain 
insulators  were  then  obtained  and  high-frequency  tests  made 
upon  them,  as  follows: 
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Sixth  Group.  {Tests  16-18)  High-Frequency  Tesis^  as  Shown  in 
Fig,  11. 

a.  A  porcelain  insulator,  No.  3007,  recommended  for  22,000 
volts,  showed  a  pimcture  in  the  lower  petticoat  on  the  second 
trial,  but  suffered  no  further  damage  in  65  trials.  This  insulator 
had  previously  flashed  over  at  87,000  volts,  dry,  60  cycles. 

b.  A  porcelain  insulator.  No.  3012,  recommended  for  35,000 
volts,  showed  a  pimcture  first  on  the  lower  petticoat,  then  in  the 
middle  petticoat  and  then  through  the  top  tmder  the  tie  wire. 
This  insulator  had  previously  flashed  over  on  127,000-135,000 
volts,  dry,  60  cycles. 

c.  A  porcelain  insulator,  No.  3002,  recommended  for  45,000 
volts,  showed  a  puncture  in  the  two  lower  petticoats  on  the  first 
or  second  trial  and  a  puncture  under  the  tie  wire  in  a  few  more 


Fig.  5 — Type  E  Insulator- 
Porcelain— 22,000  Volts 


Fig.  6 — Porcelain  Insulator 
No.  3012 


trials.  This  insulator  had  previously  flashed  over  at  125,000- 
129.000  volts  on  60  cycles. 

From  these  tests  on  porcelain  insulators  it  appeared  that  this 
feature  of  failure  on  high  frequency  was  not  peculiar  to  electrose. 

It  was  sumiised  that  the  peculiar  effect  of  high  frequency  was 
due  to  a  different  distribution  of  electric  stresses  produced  under 
this  condition,  which  distribution  may  be  assumed  to  cause  a 
concentration  of  j)otcntial  at  certain  points.  Some  tests  were 
therefore  devised  to  verify  this  assumption. 

Seventh  Group.  {Tests  19-21)  High- Frequency  Tests,  as  Shown 
in  Fig.  11. 

a.  A  new  insulator  of  the  type  of  Fig.  2  was  covered  with  lead 
foil  about  the  waist  as  shown  in  Fig.  3.  This  foil  was  entirely 
disconnected  from  any  metal  i)arts;  but,  in  view  of  its  electro- 
static ca])acity  to  the  pin,  it  would  change  the  distribution  of 
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potential  during  the  high-frequency  attack.  Its  effect  would 
obviously  be  toward  increasing  the  effective  size  of  the  pin  top. 
This  insulator  punctured  through  the  head  on  the  59th  trial. 
It  had  previously  flashed  over  the  surface  at  138,000  volts  on 
60  cycles.  While  this  insulator  was  not  proof  against  the  high 
frequency,  it  stood  up  longer  than  any  of  the  other  electrose 
insulators,  even  longer  than  those  with  reduced  petticoats, 
except  the  one  without  any  petticoat.  This  result  is  very 
illuminating,  as  this  insulator  had  all  its  petticoats  intact. 

b.  A  test  was  made  with  a  new  Fig.  2  insulator  with  a  metal 
cap,  about  4  in.  (10  cm.)  across,  on  the  top  of  the  insulator.  The 
electrical  effect  of  this  should  be  opposite  to  that  of  the  lead  foil 
of  a  above.  This  insulator  showed  a  puncture  in  the  head  on 
the  second  trial.  This  insulator  with  cap  had  previously  flashed 
over  at  130,000  volts  on  60  cycles,  dry. 


Fig.  7 — Porcelain  Insulator 
No.  3007 


Fig.  8 — Porcelain  Insulator 
No.  3002 


c.  The  same  test  as  "b"  was  made  on  a  Fig.  1  new  insulator  and 
the  insulator  showed  a  puncture  in  the  top  on  the  seventeenth 
trial.  This  insulator  with  cap  had  previously  flashed  over  at 
124,000  volts  on  60  cycles,  dry. 

These  last  three  results,  while  few,  indicate  pretty  clearly  the 
cause  of  the  weakness  as  well  as  the  nature  of  experiments  re- 
quired to  clarify  this  matter  further. 

Those  electrose  insulators  of  the  type  of  Fig.  1  which  had  been 
in  service  for  some  years  showed  a  roughening  and  a  bleaching  of 
the  surface  to  a  light  gray  from  the  effects  of  exposure  to  the 
weather.  Some  of  these  old  insulators  further  showed  checks 
on  the  surface  extending  to  various  depths,  mostly  on  the  lower 
petticoat.  Tests  were  made  to  get  the  effect  of  the  weathering 
on  the  behavior  of  the  insulator. 
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Eighth  Group.     ( Tests  22-24)    Weathering  Tests,  60  Cycles,  Dry. 

a.  Two  old  insulators  showed  a  dry  flash-over  on  60  cycles  on 
105,000  and  on  120,000  volts,  respectively,  a  loss  of  insulating 
power  of  perhaps  10,000  voltS;  which  was  undoubtedly  due  to  the 
arc  passing  through  checks  in  the  lower  petticoat.  The  instdating 
power  of  these  insulators  was  thus  hardly  lessened  by  the  weather- 
ing, per  se;  at  least  as  far  as  it  had  then  progressed. 

b.  A  third  weathered  insulator  with  1 J  in.  (3.1  cm.)  turned  oflE 
the  edge  of  the  top  petticoat  flashed  over  at  108,000  volts,  the  arc 
passing  through  a  check  on  the  lower  petticoat. 

A  few  days  after  the  completion  of  those  tests,  to  try  still 
other  conditions,  a  further  series  of  tests  was  made  with  results 
as   follows: 

Ninth  Group.     (Tests  25-27)     High' Frequency  Tests, 
These  were  similar  to  the  previous  high-frequency  tests,  but 
with  the  insulator  mounted  on  a  wooden  pin  with  tin  foil  wrapped 
around  the  pin  up  to  a  point  ^  in.  (12.7  mm.)  below  the  insulator 
and  grounded. 

a.  An  insulator  of  the  type  of  Fig.  2  punctured  through  the 
head,  as  before,  on  the  ninth  trial.  This  design  of  insulator 
(which  insulator  was  newly  made  for  this  last  set  of  tests)  had 
previously  flashed  over  the  surface  at  156,000  volts,  dry,  60  cycles. 

b.  An  insulator  similar  to  Fig.  2  but  with  IJ  in.  (3.7  cm.) 
turned  off  the  outer  edge  of  the  upper  petticoat,  punctured 
through  the  head,  but  only  after  113  trials.  This  insulator  was 
nearly  at  the  safety  point.  This  insulator  previously  flashed 
over  at  129,000  volts,  dry,  at  60  cycles  or  at  103,000  volts,  wet. 

c.  An  insulator  similar  to  Fig.  2,  but  with  2 J  in.  (5.7  cm.) 
turned  off  the  edge  of  the  upper  petticoat,  resisted  150  trials 
without  puncture.  This  insulator  was  found  to  flash  over  at 
119,000  volts,  dry,  at  60  cycles  and  at  81,000  volts,  wet,  under 
the  rain  test  already  described. 

Tenth  Group.     (Test  28). 

The  same  high-frequency  test  on  electrose  insulators  of  the 
type  shown  in  Fig.  4  showed  no  puncture  in  150  trials.  This 
insulator  flashed  over  at  115,000  volts,  dry,  on  60  cycles  and 
76,000  volts,- wet. 

Eleventh  Group.     (Tests  29-30). 

The  same  high-frequency  test  on  a  porcelain  insulator  of  the 
type  shown  in  Fig.  5  showed  a  puncture  from  the  tie  wire  groove 
to  the  ])in  top,  on  the  third  trial  in  the  case  of  one  insulator,  and 
on  the  second  trial  on  another  insulator.     This  type  showed  a 
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flash-over  at  118,500  volts,  dry,  at  60  cycles,  in  one  case,  and  at 
95,000  volts  in  a  second  case,  and  a  flash-over  of  70,000  volts, 
wet,  on  the  first  insulator. 

These  tests  of  groups  9  to  11  show  that  the  use  of  a  wooden 
pin,  extending  only  a  short  distance  out  from  the  threaded 
portion  of  the  insulator,  considerably  increased  its  power  to  re- 
sist the  high-frequency  stress. 

This  result  must  be  due  to  the  prevention  of  the  ground 
potential  from  getting  up  inside  the  insulator,  so  to  speak.  Its 
effectiveness  is,  however,  somewhat  limited  by  the  fact  that  ex- 
tremely severe  potential  shocks,  such  as  were  here  produced,  tend 
to  cause  a  discharge  over  the  surface  of  the  pin  into  the  insulator 
pin  recess.  If  this  pin  were  cemented  air-tight  into  the  insulator 
the^result  would  presumably  be  to  increase  the  power  of  the  in- 
sulator to  stand  high-frequency  tests. 

Certain  other  tests  which  are  of  interest  were  made  to  measure 
the  actual  voltages  reached  on  the  insulator  during  discharge. 
Measurements  were  made  by  noting  the  voltages  that  were 
required  to  jimip  the  spark  gap  marked  "  measuring  gap  *'  in 
Fig.  11,  under  certain  discharge  conditions. 

a.  During  the  high-frequency  test  on  a  Fig.  2  insulator,  (test  8) , 
sparks  were  observed  in  the  measuring  gap  when  it  was  set  at 
10  in.  (25.4  cm.),  104,000  volts,  (needlepoints)  but  no  sparks 
occurred  when  it  was  at  11  in.  (27.9  cm.),  112,000  volts.  There 
were  125,000  ohms  (seven  composition  sticks)  in  the  shunt 
measuring  gap  circuit  when  these  readings  were  taken.  This 
indicates  a  maximum  voltage  dviring  the  high-frequency  attack 
of  slightly  over  100,000  volts.  This  result,  which  should  be 
compared  with  the  150,000  (15-in.  or  38-cm.  gap)  necessary  to 
make  the  insulator  flash  over  at  60  cycles,  shows  that  there  must 
have  been  a  great  local  concentration  of  voltage  on  portions  of 
the  insulator  at  the  high  frequency.  This  is  an  important 
point  in  connection  with  surges  produced  by  internal  causes. 
If  a  100,000-volt  static  voltage  will  pass  over  or  through  an 
insulator  which  flashes  over  at  normal  frequency  only  on  150,000 
volts,  this  fact  should  be  recognized. 

b.  With  the  same  arrangement  as  in  "  a  "  above,  except  that  the 
insulator  was  short-circuited  by  a  No.  18  copper  wire,  drawn 
tight  between  pin  and  tie  wire  groove,  a  voltage  sufficient  to 
jump  a  needle  gap  corresponding  to  15,000  volts  was  noted,  and 
no  spark  occurred  over  the  gap  when  set  for  20,000  volts.  No 
resistance  was  used  in  the  measuring  gap  circuit  in  this  test. 
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c.  With  the  conditions  of  test "  b  "  above,  except  that  five  sepa- 
rate No.  18  wires  were  used  to  short-circuit  the  insulator,  located 
at  points  equally  spaced  around  its  circumference,  a  spark  gap  of 
\  in.,  (12.7  mm.),  corresponding  to  10,000  volts,  was  jumped,  but 
no  spark  was  found  with  the  spark  gap  set  at  a  value  to  indicate 
15,000  volts.     No  resistance  was  used  in  the  measuring  gap  circuit 

in  these  tests. 

Discussion  of  Tests 

The  obvious  meaning  of  these  tests  is  of  great  import.  Unless 
there  is  some  reason  for  believing  that  the  tests  are  only  of 
limited  application  or  are  rendered  misleading  by  some  unob- 
served condition,  they  mean  that  many  of  the  line  insulators  now 
in  service  may  be  expected  to  break  down  by  puncturing  under  the 
attack  of  lightning  rather  than  by  discharge  over  the  surface, 
which  latter  is  recognized  as  the  desired  characteristic.  And  this 
in  spite  of  the  fact  that  these  insulators  may  have  been  thoroughly 
tested  on  normal  frequencies  in  the  usual  way  and  may  have  then 
always  flashed  over  the  petticoats  as  intended.  The  fact  shown  in 
these  tests,  that  an  insulator  which  did  not  pimcture  at  250,000 
volts  on  60  cycles  (under  oil),  punctured  after  a  comparatively 
few  shocks  of  high-frequency  discharge,  and  without  apparently 
opposing  a  resistance  of  much  over  100,000  volts  (10-in.  (25.4-cm.) 
spark  gap),  shows  how  little  can  be  determined  from  the  60- 
cycle  tests,  as  to  the  lightning-resisting  capacity  of  an  insulator. 

While  none  of  the  tests  were  on  trains  of  suspension  insulators, 
the  question  immediately  arises  whether  the  same  effects,  that  is, 
local  concentration  of  voltage  with  high-frequency  shocks,  will 
not  cause  these  insulator  trains  to  puncture  relatively  easily 
from  lightning  even  when  withstanding  satisfactorily  the  most 
severe  tests  of  the  usual  sort.  Such  failure  is  very  likely  to  be 
expected.  High-frequency  tests  on  such  insulator  trains  should  ^ 
be  made  by  all  means,  and  without  delay. 

The  conclusion  also  is  forced  upon  us,  that  if  high-tension  line 
insulators  are  to  be  adapted  to  resist  lightning  to  the  best  advan- 
tage, the  design  of  many  of  them  should  be  radically  changed. 
Such  a  design  study  will  require  much  patient  investigation.  In 
view  of  the  importance  of  these  conclusions,  a  critical  examination 
of  our  tests  was  made  for  the  piurpose  of  discovering  any  improper 
methods  or  errors  that  might  account  for  the  great  weakness  of 
the  insulators  imder  high-frequency  shocks;  nothing,  however, 
so  far  has  been  foimd  to  explain  more  than  a  very  small  portion 
of  the  very  great  discrepancy  between  the  results  of  the  two  types 
of  tests. 
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Considering  the  material  of  the  insulators,  most  of  which  were 
electrose,  we  should  say  that  insulators  made  in  at  least  four  differ- 
ent lots,  distributed  over  a  period  of  several  years,  showed  the  same 
consistent  behavior.  Ftirther  than  this,  four  different  types  of 
porcelain  insulators  were  tested  and  all  showed  this  effect, 
although  the  lower- voltage  insulators  showed  it  in  a  less  degree 
than  the  higher-tension  insulators.  In  the  case  of  the  insulators 
of  Fig.  4  and  Fig.  5  the  shape  of  the  insulator  was  the  same  and 
only  the  material  was  different.  Of  these,  the  electrose  insulator 
behaved  best  on  the  high-frequency  test. 

One  very  significant  point  is  that  no  insulator  failed  on  high 
frequency  on  the  very  first  shock.  In  fact  the  strain  of  repeated 
shocks  seemed  to  be  far  more  severe  than  that  of  a  few.  Probably 
there  is  a  progressive  hammering  out  of  a  path  through  the  solid 
material  of  the  insulator.  It  wiU  be  immediately  suggested 
that  this  effect  may  be  due  to  a  progressive  heating  of  the 
material  by  conduction  or  dielectric  hysteresis,  but  we  are  inclined 
to  doubt  this.  Investigations  were  made  by  exploring  with  the 
finger  during  the  tests,  and,  while  after  a  puncture,  which  would  of 
coiu^e  be  followed  by  some  arcing,  there  was  often  a  very  notice- 
able rise  of  temperature  at  the  punct\u*e,  exploration  before  an 
actual  puncture  but  after  the  occurrence  of  many  shocks"  showed 
no  detectable  preliminary  heating.  Furthermore,  there  seemed 
to  be  no  difference  in  the  behavior  of  electrose  and  porcelain. 
This  matter  of  dielectric  loss  and  heating  is  of  course  one  of  the 
matters  th^t  should  be  carefully  followed  up  in  future  tests  along 
these  lines.  If  the  effect  of  the  greatly  increased  severity  of 
many  shocks  was  due  to  the  heating  effect,  it  is  not  likely  that 
the  cutting  off  of  the  petticoats  would  be  so  effective  in  increasing 
the  resisting  power. 

It  has  been  suggested  by  some  that  porcelain  deteriorates  in 
quality  with  time  or  exposure  to  the  weather.  This  hypothesis 
is  supposed  to  explain  the  fact  that  insulators  which  stand  up 
under  tests  and  during  the  initial  months  of  actual  service  then 
seem  to  fail  far  more  readily  at  a  later  time.  It  is  suggested  by 
the  behavior  of  the  insulators  of  oiu*  tests  that  there  was  progres- 
sive deterioration  under  the  intense  stresses  of  these  experiments 
(or  under  the  attack  of  lightning  in  actual  service),  which,  while 
due  to  electrical  forces,  are  of  a  physical  nature.  This  would  be 
somewhat  analogous  to  the  well-known  mechanical  disintegra- 
tion of  the  surface  of  glass  under  repeated  surface  sparking.  In 
this  view,  the  repeated  attacks  of  these  tests  represent  the  antici- 
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pated  effect  of  several  seasons  of  lightning  storms;  to  put  it 
another  way,  the  tests  serve  as  a  measure  of  the  service  durability 
of  an  insulator,  as  far  as  lightning  and  static  are  concerned. 

These  tests  were  made  in  a  large  transformer  testing  pit,  but 
it  is  not  likely  that  the  presence  of  the  grounded  sides  of  the  pit 
several  feet  away  could  have  had  any  material  effect  on  the 
results. 

While  the  60-cycle  tests  and  the  high-frequency  tests  were 
made  on  different  testing  outfits,  there  can  be  no  great  error  here. 
The  60-cycle  tests  were  made  on  a  300,000-volt  transformer, 
regularly  and  frequently  used  for  such  testing,  and  the  ratio  and 
spark  gap  methods  of  measuring  the  high-tension  voltages  were 
about  five  per  cent  apart,  the  voltage  actually  reported  being 
the  spark  gap  voltage  as  recommended  by  the  Standardization 
Rules  of  the  A.  I.  E.  E.  The  character  of  the  high-frequency 
tests  was  of  course  determined  by  the  series  spark  gap  and  the 
constants  of  the  plate  condenser  discharge  gap.  The  high-tension 
condenser  had  approximately  72  sq.  ft.  (6.7  sq.  m.)  surface  and 
a  dielectric  thickness  of  42  in.  (1.06  m.)  of  air.  The  discharge 
path  of  the  condenser  was  roughly  rectangular  in  form,  5  by 
7  ft.  (1.5  by  2.1  m.),  including  the  series  gap  and  the  insulator 
itself. 

An  estimate  of  the  natural  oscillation  frequency  of  this  dis- 
charge circuit  would  be,  roughly  that  it  was  of  the  order  of 
1 ,000,000  cycles  per  second  or  higher.  The  noise  of  the  discharge 
during  the  tests  was  very  loud  and  some  of  the  observers  used 
cotton  in  their  ears  to  avoid  the  disagreeable  physiological 
effect.  While  the  highest  voltage  of  the  high-frequency  tests 
was  in  the  neighborhood  of  300,000-350,000  volts,  and  the 
quantity  of  the  discharge  great  for  laboratory  tests,  it  was  of 
course  far  short  of  lightning  conditions  in  both  ^particulars.  The 
frequency,  however,  may  have  been  comparable  with  that  of 
lightning. 

The  probability  of  the  trustworthiness  of  these  tests  is  greatly 
increased  by  the  behavior  of  insulators  in  actual  service,  where 
punctures  of  a  surprising  character  have  occurred  at  the  time  of 
lightning  or  other  disturbance  of  a  static  nature.  We  are  in- 
formed that  trains  of  suspension  insulators  and  also  pin  type  high- 
tension  insulators  which  are  carefully  designed  and  shown  by 
test  at  normal  frequency  to  flash  over  before  they  ptmcture, 
still  do  in  practise  actually  punctiu'e  under  lightning  strains. 
It  is  a  fact,  however,  that  many  of  these  insulators  at  other  times 
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do  actually  flash  over  in  actual  service  instead  of  puncturing 
under  static  stress,  showing  that  either  all  insulators  or  all  stress 
conditions  are  not  the  same.  This  matter  cannot  be  finally 
cleared  up  without  much  experiment  and  research. 

Cause  of  the  Peculiar  High- Frequency  Effects,  Of  the  most  in- 
terest and  importance  is  of  cotirse  the  explanation  of  the  cause 
of  the  great  observed  discrepancy  between  the  eflEect  of  high- 
frequency  tests  and  commercial  frequency  tests.  It  is  too  early 
to  speak  with  certainty,  but  there  is  little  doubt  that  the  principal 
cause  is  the  concentration  of  potential  with  high  frequency  upon 
some  local  part  of  the  insulating  material,  with  the  result  of  the 
breaking  down  of  this  portion  and  the  throwing  of  the  potential 
on  some  other  part  which  is  then  also  broken  down.  This  gen- 
eral phenomenon  is  well  known  in  related  situations;  for  example, 
in  the  behavior  of  trains  of  small  air  gaps  in  high-tension  lightning 
arresters. 

If  a  resistance  and  a  capacity  are  connected  in  series  and  so 
adjusted  that  a  given  voltage  at  60  cycles  is  evenly  divided  be- 
tween the  two,  and  the  same  voltage  at  a  much  higher  frequency 
is  impressed  on  the  two,  it  will  be  fotmd  that  the  resistance  then 
receives  nearly  all  the  voltage  and  the  condenser  practically  none 
at  all.  The  same  would  be  true  to  an  even  greater  extent  were 
an  inductance  substituted  for  the  resistance.  An  adjustment 
may  easily  be  arranged  in  which  at  60  cycles  the  condenser  will 
take  all  the  voltage  and  at  the  high  frequency  the  resistance  would 
take  all  the  voltage.  In  applying  this  principle  to  insulator 
service,  it  must  be  remembered  that  the  change  in  frequency 
between  60  cycles  and  the  frequency  of  lightning  is  enormous, 
the  ratio  being  somewhere  of  the  order  of  1  to  1000  or  10,000, 
which  gives  range  enough  to  permit  even  a  small  tendency  of 
60  cycles  to  be 'transformed  into  a  dominating  effect  on  the 
lightning  frequency. 

Consider  Fig.  9;  the  small  condensers  indicate  the  capacity 
of  various  parts  of  the  insulator  surface  to  which  the  potential 
of  these  parts  is  due,  and  the  small  resistances  indicate  the 
insulation  resistance  of  the  corresponding  dielectric  material  of 
the  insulator.  At  60  cycles,  the  charging  current  for  the  several 
small  condensers,  1,  2,  3,  can  easily  flow  through  the  several 
resistances,  4,  6,  etc.,  without  the  impressing  of  any  very  great 
potential  upon  these  resistances.  With  a  high  frequency,  how- 
ever, as  just  explained,  the  full  potential  may  be  impressed  on 
the  resistance  for  the  moment,  or,  in  fact,  for  as  long  as  the  high 
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frequency  lasts.  Thus  the  resistance  4  which  charges  the  surface 
capacity  1,  which  is  a  relatively  large  capacity,  may  on  high 
frequency  have  to  support  nearly  the  full  voltage  of  the  attack, 
which  it  is  evidently  not  adapted  to  do.  But  there  is  also  a 
leakage  of  current  toward  the  tie  wire  and  conductor  which  will 
flow  over  part  of  the  path  of  the  resistance  4.  Since  the  surface 
of  the  pin  is  much  smaller  than  that  of  the  surface  of  the  insulator, 
the  concentration  of  leakage  ctirrent  will  be  greatest  at  the  former 
and  the  first  break  or  failure  of  the  insulating  material  will  occur 
at  this  point.  When  this  occurs  the  voltage  on  the  conductor 
and  tie  wire  will  tend  to  cause  a  puncture  through  this  weakened 


Fig.  9 — Illustration  of  Electrostatic  Capacity  of  Surface  and  In- 
sulation Resistance  of  the  Various  Parts  of  the  Insulator 


material  and  thus  make  a  puncture  from  the  conductor  to  the 
edge  of  the  top  of  the  pin.  This  is  what  was  actually  observed. 
This  explanation  is,  however,  given  rather  as  illustrative  of  the 
general  tendency  of  the  distribution  of  force,  than  as  a  correct 
picturing  of  the  action  in  detail,  for  this  would  be  very  hard  to 
establish  directly. 

According  to  this  view  the  effect  of  the  lead  foil  of  test  24, 
which  showed  a  great  strengthening  of  the  insulator's  resistance, 
was  to  permit  the  charging  of  the  small  condenser  1  through  the 
foil  in  virtue  of  the  capacity  of  the  foil  to  the  pin  and  in  virtue 
of  the  fact  that  a  free  charge  of  opposite  sign  could  be  repelled 
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to  the  lower  end  of  the  foil.  So  far  as  it  goes,  then,  the  foil  test 
tends  to  confirm  the  distribution  of  potential  assumed  above  in 
coimection  with  the  discussion  of  Fig.  9. 

Looking  at  this  matter  from  another  point  of  view,  which, 
however,  in  substance  is  much  the  same,  it  is  evident  that  the 
conductor  and  the  wire  on  the  top  of  the  insulator  form  the 
electric  equivalent  of  a  hemisphere,  and  that  the  pin  top  is  in 
effect  a  small  discharge  point  near  the  center  of  the  hemisphere. 
This  form  is  one  in  which  the  distribution  of  electric  field  is  most 
uneven,  for  its  intensity  is  greatly  concentrated  at  the  center 
on  the  pin  top,  and  much  less  intensity  exists  at  the  conductor 
and  the  tie  wire.  This  condition  is  somewhat  similar  to  that  of 
a  cable  with  a  lead  sheath  and  a  relatively  small  conductor  inside. 
It  is  found,  in  such  a  cable,  that  if  the  diameter  of  the  conductor 
is  smaller  than  that  of  the  sheath  by  more  than  a  certain  ratio, 
little  gain  in  insulation  strength  is  made  by  increasing  the  thick- 
ness of  the  insulation  and  the  diameter  of  the  sheath.  This  is 
because  the  potential  becomes  more  and  more  concentrated  at  the 
center  and  this  part  fails  first,  so  that  the  added  insulation  is  later 
broken  down  by  itself.  However,  in  the  case  of  the  tests  here  de- 
scribed, the  effect  of  resistance  and  capacity  in  series,  assumed  in 
the  discussion  of  Fig.  9,  is  probably  present,  for  this  sort  of  con- 
centration comes  from  high  frequency  only,  while  that  described 
in  connection  with  cables  occurs  at  all  frequencies.  It  is  signifi- 
cant that  the  use  of  a  metal  cap  only  weakens  the  insulators 
in  the  tests  (see  tests  20  and  21),  as  would  be  expected  from  these 
explanations. 

High' Frequency  Tests,  It  will  naturally  follow  from  the  condi- 
tions indicated  by  these  tests,  assuming  that  they  are  confirmed 
by  later  investigators,  that  it  will  be  desirable  to  modify  our 
methods  of  testing  insulators  for  practical  work  by  adding  tests 
of  their  behavior  on  high  frequency.  Such  tests  presumably  need 
not  be  made  on  all  the  insulators  entering  into  a  plant,  but  on 
each  type,  to  show  that  the  design  is  satisfactory.  Such  tests 
will  be  diffictdt  to  make,  in  the  first  place,  because  very  high 
voltage  and  large  capacity  are  necessary  for  making  the  tests, 
and  second,  because  these  tests  are  dangerous  to  the  testing 
apparatus  used  and  because  so  far  there  is  no  knowledge  as  to 
what  limits  of  frequency,  voltage,  electrostatic  capacity  or 
nimiber  of  repetitions  of  attack  are  necessary  to  give  a  proper 
measure  of  the  conditions  of  actual  service.  These  service  con- 
ditions will  undoubtedly  vary  greatly  in  different  localities.     It 
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can  only  be  suggested  here  that  further  study  of  these  phenomena 
be  made  as  speedily  and  as  exhaustively  as  practicable. 

Design  of  Insulators,  In  the  matter  of  new  designs  of  insulators 
to  resist  high-frequency  discharges,  much  research  should  be  done, 
but  there  are  some  guiding  principles  already  clear.  First,  the 
more  widely  the  live  conducting  parts  of  an  insulator  are  sepa- 
rated from  the  pin,  the  less  will  be  the  stress.  Second,  the  more 
nearly  uniform  the  electrostatic  field  between  these  elements  is, 
the  better  the  condition.  Third,  wide  and  thin  petticoats  add 
very  little  strength  to  the  high-tension  insulator,  for  the  electro- 
static capacity  of  the  surfaces  of  the  outer  parts  is  very  great 
with  regard  to  capacity  of  the  parts  nearer  to  the  pin.  It  is 
very  likely  that  the  capacity  of  the  wide  petticoat  of  the  insulator 
of  Fig.  1  or  Fig.  2  plays  little  part  in  its  behavior  on  high  fre- 
quency, since  the  potential  stresses  may  be  transmitted  through 
the  petticoat  by  virtue  of  the  capacity  of  the  lower  surface  in 
relation  to  that  of  the  upper  surface.  This  would  account  to 
some  extent  for  the  behavior  observed.  It  is  significant  that  the 
type  which  stood  best,  that  of  Figs.  4  and  5,  had  short  and  thick 
petticoats  placed  low  down  with  regard  to  the  pin  top.  The 
heavy  ball  of  insulating  material  at  and  around  the  head  of  the 
pin  is  very  likely  the  chief  reliance  of  the  insulator  on  high  fre- 
quency. 

It  will  be  noted  that  the  design  of  the  present  suspension 
insulator  has  some  points  of  disadvantage  from  the  point  of  view 
of  static  stresses,  if  these  tests  are  to  be  relied  upon. 

Effect  of  High  Frequency  on  Lead-Covered  Cables,  From  the  an- 
alysis of  the  necessary  effects  of  applying  very  high  frequency 
to  structures  having  electrostatic  capacity  and  high  resistance  in 
series,  it  is  suggested  that  these  high-frequency  strains  may  have  a 
very  trying  effect  on  lead-covered  cables.  Here  the  layers  of  the 
insulating  material  next  to  the  conductor  may  receive  a  far 
greater  concentration  of  potential  from  high-frequency  stresses 
than  from  60-cycle  stresses,  for  example;  in  which  case  static 
disturbances  may  break  them  down  at  a  lower  voltage  than  under 
normal  conditions.  As  the  great  susceptibility  of  cables  to  static 
disturbances  has  been  frequently  observed  in  actual  service, 
a  series  of  cable  tests  after  the  type  of  those  here  reported 
would  be  of  the  greatest  interest. 

The  great  difficulty  in  such  tests  would  be  to  get  some  reliable 
measure  of  the  equivalence  of  voltages  at  high  frequency  and  low 
frequency. 
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Pig.  10  shows  the  insulator  and  pin  finally  adopted  by  the 
power  company.  The  pin  cooasts  o€  an  iron  base  for  attacfa- 
tnent  to  crossann,  and  metal  deevc  with  corneal  boie  to  leoeiye 
a  wooden  pin,  which  is  secttred  in  place  by  the  pressure  produced 
in  screwing  the  skcrre  and  base  together.  The  wooden  pin  is 
mpregnated  with  bakeHte  to  pterent  absorption  o(  lUoisUu'e. 


Fig.  10— Secti 


InSLXATOB     PtNAl.LV     . 


No  attempt  was  made  to  cement  the  pin  in  the  insvdator,  but  this 
can  readily  be  done  if  experience  indicates  that  it  is  desirable. 
The  insulator  thus  mounted  on  the  combination  wood  and  iron 
pin  will  withstand  a  breakdown  test  at  60  cycles  between  a 
conductor  in  the  tie-wire  groove  and  the  iron  pin,  of  120,000 
volts,  dry,  and  85,000  volts,  wet.     It  is  highly  probable  that  if 
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time  had  permitted,  a  better  design  of  instilator  could  have  been 
developed,  but  the  construction  of  a  new  line  was  under  way  and 
the  order  for  insulators  had  to  be  placed.  The  design  selected 
was  that  which  our  tests  had  shown  to  be  best  able  to  resist  the 
high-frequency  discharges  which  we  were  able  to  obtain  in  the 
laboratory.  It  remains  to  be  shown  by  experience  whether 
these  insulators  will  resist  puncture  from  all  lightning  discharges 
to  which  they  will  doubtless  be  subjected. 

Suggestions  for  Investigations.  We  would  make  the  following 
suggestions,  the  application  of  which  will  be  clear  from  what  has 
been  said  above. 

a.  Those  who  wish  to  get  an  idea  of  the  behavior  of  their 
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Fig.  11 — View  of  High-Frequency  Testing  Arrangbmbnts 


insulators  on  high  frequency  without  waiting  until  a  generally 
accepted  test  is  developed,  should  utilize  the  arrangement  of 
apparatus  of  the  tests  here  described,  which  has  been  found  very 
satisfactory  and  as  practicable  as  any  is  likely  to  be. 

b.  Those  who  wish  to  do  research  work  on  this  line  of  investi- 
gation, should  study: 

1.  The  effect  of  frequency  itself  on  some  standard  type  of 
test  insulator,  by  varying  the  constants  of  the  high-frequency 
discharge   circuit. 

2.  The  effect  of  high  frequency  on  trains  of  suspension  in- 
sulators. 

3.  The  effect  of  the  distribution  and  size  of  petticoats  and 
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the  control  of  the  potentials  of  various  parts  of  the  surface  of 
the  insulators,  for  example,  by  the  use  of  conductors  distributed 
on  the  surface,  as  in  the  above  lead-foil  test,  and  especially  the 
location  of  the  petticoats  with  regard  to  the  top  of  the  pin  and 
the  thickness  of  the  base  of  the  petticoats. 

4.  The  effect  of  a  wooden  or  other  insulating  pin.  Especially 
the  effect  of  cementing  the  pin  air-tight  in  the  socket.  With  a 
wooden-topped  pin  and  an  insiilator  so  mounted  and  shaped 
that  any  discharge  would  take  place  to  the  crossarm  and  not  to 
the  pin,  many  of  the  electrical  advantages  of  a  metal  pin  would 
be  obtained,  with  probably  greatly  increased  possibilities  of  re- 
sisting puncture  by  lightning. 

5.  The  high-frequency  test  as  a  test,  to  determine  the  effect,  on 
the  behavior  of  any  insulator,  of  variations  of  tesi  frequency ^  of 
the  amount  of  the^  excess  series  gap  voltage  over  and  above  the 
flash-aver  voltage  of  the  insulator,  of  the  amoimt  of  static  capacity 
coimected  with  the  high-frequency  discharge  circuit,  of  the 
length  and  character  of  the  discharge  path,  and  the  effect  of  the 
method  of  securing  the  actual  conductor  and  tie  wire  during  the 
test. 

In  conclusion  we  would  state  these  tests  are  reported  to  the 
Institute  for  their  great  interest  and  suggestiveness,  but  with 
the  full  consciousness  that  they  are  far  from  complete  from  the 
broad  point  of  view  of  the  effect  of  high-frequency  voltages  on 
high-tension    insulators. 
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COMPARATIVE  TESTS    ON    HIGH-TENSION   SUSPEN- 
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This  paper  presents  an  account  of  work  done  in  connection 
with  the  selection  of  a  suitable  high-tension  insulator  for  a  trans- 
mission line  operated  at  110,000  volts.  It  is  a  report  of  an  in- 
vestigation giving  a  faithful  account  of  the  motives  calling  for 
the  same,  the  method  adopted  and  used  to  carry  out  the  work, 
and  the  line  of  reasoning  followed  in  classifying  the  results  ob- 
tained. .  It  is  not  intended  to  be  a  criticism  of  any  individual 
design  or  of  the  valuable  work  which  has  been  done  by  others 
in  the  same  direction.  The  problem  which  had  to  be  solved  was 
well  defined,  requiring  no  more  difficult  task  than  to  select  from 
a  number  of  insulators  the  one  best  suited  for  certain  predeter- 
mined conditions.  From  the  first  to  the  last,  the  question 
was  one  concerned  with  engineering  only,  in  which  biased 
opinion  or  partiality  was  to  be  absolutely  absent.  How  well 
this  problem  has  been  solved  may  be  judged  from  the  following 
account  and  perhaps  more  so  by  the  tangible  results  obtained 
in  the  years  following,  during  actual  operation. 

When  it  was  found  that  the  line  losses  of  the  proposed  power 
transmission  could  not  be  kept  at  a  reasonably  low  figure  unless 
the  system  was  operated  at  110,000  volts  between  conductors, 
the  question  of  insulation  became  at  once  of  greatest  importance. 
Unfortunately,  at  that  time,  very  few  reliable  data  were  avail- 
able with  regard  to  the  operating  experience  with  potentials 
above  60,000  or  80,000  volts.  Notwithstanding  the  lack  of  such 
practical  experience,  every  manufacturer  was  ready  to  offer  and 
guarantee  an  insulator  for  a  transmission  line  operating  at  110,000 
volts.     Before  an  attempt  was  made  to  draw  up  specifications 

2143 


2144  SOTHMAN:  HIGH-TENSION  INSULATORS      [Dec,  13 

for  these  insulators,  a  thorough  canvass  of  the  situation  was  made. 
The  different  insulator  factories  were  visited  to  ascertain  the 
manufacturing  facilities  of  the  firms  and  their  ability  to  turn  out 
a  rather  large  order  within  a  specified  time.  Tests  on  the  pro- 
posed insulators  were  witnessed  at  the  works  of  the  manu- 
facturers and  all  available  information  and  data  bearing  on  the 
subject  were  collected. 

While  visiting  these  factories,  one  could  not  help  being  most 
peculiarly  impressed  by  the  widely  varying  methods  of  testing 
employed  by  the  manufacturers  to  demonstrate  the  merits  of 
their  insulators.  This  applies  especially  to  the  application  of 
artificial  rain  and  to  the  facilities  afforded  for  observing  the  effect 
of  the  test.  As  a  matter  of  fact,  every  manufacturer  had  his 
own  way  of  applying  rain,  and  of  interpreting  the  effects  observed. 
It  can  easily  be  understood  why  tests  on  one  and  the  same  type 
of  insulator  would  show  two  entirely  different  results,  depend- 
ing upon  where  and  by  whom  they  were  tested. 

In  view  of  the  seemingly  erratic  behavior  of  the  insiilators 
during  these  manufacturers'  tests,  it  was  impossible  to  arrive  at 
a  definite  conclusion.  It  became  apparent  that  tests  of  this 
character  should  be  performed  under  absolutely  unvarying  con- 
ditions in  order  to  arrive  at  reliable  figures,  and  arrangements 
were  at  once  made  to  duplicate  and  elaborate  these  tests  under 
conditions  which  could  be  controlled  and  changed  at  will  to  suit 
certain  predeteiTnined  requirements. 

The  testing  equipment  of  which  use  was  made  in  the  following 
tests,  consisted  of  a  large  platform  over  which  was  placed  a  gas 
pipe,  resting  at  each  end  upon  60,000-volt  pin-type  insulators. 
The  insulators  were  tested  one  at  a  time,  the  small  trolley  from 
which  they  were  suspended  being  moved  opposite  a  mark  made 
in  the  pipe  midway  between  the  supporting  insulators,  while  all 
other  insulators  were  crowded  to  one  side  and  out  of  the  way. 
The  test  on  one  insulator  completed,  it  was  moved  to  one  side, 
and  the  next  insulator  placed  in  the  proper  position.  This 
method  proved  to  work  out  very  well,  especially  in  connection 
with  the  rain  test  described  later. 

The  electrical  apparatus  consisted  of  two  50-kw.  2200/150,000- 
volt  transformers  in  series,  fed  from  a  25-kw.  220/2200-volt 
transformer. 

The  maximum  voltage  which  could  be  safely  obtained  with 
this  combination  was  slightly  above  330,000  volts,  with  the  two 
transformers  in  series,  the  neutral  point  being  groimded,  and 
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225,000  volts  with  one  transformer  alone  and  ungrounded.  The 
voltage  was  controlled  by  means  of  a  water  rheostat  in  the  low- 
tension  circuit  of  the  high-tension  transformer.  The  readings 
were  taken  on  an  alternating-current  voltmeter  previously  cali- 
brated with  spark  gap  in  accordance  with  the  Standardization 
Rides  of  the  A.  I.  E.  E.  (1907).  The  voltmeter  was  connected 
across  the  low-tension  side  of  a  one-kw.,  2200/110-volt  trans- 
former, the  latter  being  connected  across  the -low-tension  side  of 
the  high-tension  transformer. 

All  tests  were  performed  at  night  in  complete  darkness.  In 
order  to  have  a  permanent  record  for  comparison,  photographs 
were  taken  of  each  insulator  during  the  several  tests.     The  time 
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on  the  clock  dial  appearing  in  the  illustrations  was  used  as  a 
means    of    identification. 

The  tests  were  applied  in  the  following  order : 

1.  Dry  test. 

2.  Wettest. 

3.  Parallel  test,  dry  and  wet. 

4.  Puncture  test,  under  oil. 

5.  Mechanical  test. 

The  Dry  Test  consisted  of 

a.  Flash-over  test  on  each  section  in  order  to  exclude  weak 
or  punctured  units, 

b.  Potential  test  on  each  complete  insulator,  also  on  smaller 
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number  of  sections.  Voltage  was  applied  and  raised  by  successive 
steps  and  photographic  records  were  taken  while  the  test  was 
progressing. 

Records  were  kept  of  the  time  on  the  clock  dial,  which  was  set 
for  each  new  test,  voltage  applied,  time  of  exposure,  number  of 
sections,  and  such  other  observations  as  were  made  during  the 
test  which  could  not  be  recorded  on  the  photograph. 

In  this  manner,  each  type  of  insulators  submitted  was  sub- 
jected to  the  same  series  of  tests  under  exactly  like  conditions. 

The  Wet  Tests  consisted  of  applying  rain  at  45  deg.,  the  precipi- 
tation varying  from  0.25  to  0.35  in.  (6.35  to  8.39  mm.)  and 
finally  to  0.53  in.  (13.46  mm.)  of  water  per  minute.  Accordingly 
each  insulator  was  subjected  to  three  series  of  tests,  in  which 
voltage  and  precipitation  were  the 
variable  quantities.      The   execution  K-asiN.  J 

of  these  wet  tests  was  very  similar  to 
that  of  dry  tests.    Photographs  were 
taken  and  records  made  of  each  test      y^   -  ^!!^§$  I 
and  observations  were  carefully  noted. 


2  IN.QA8  PIPE 


Y.  ,^_;. 


For  these  rain  tests,  which  were 
the  most  important  of  all,  the  follow- 
ing method  was  adopted.  A  number 
of  nozzles  of  the  type  used  for  spray-  — "—  -; 

ing  trees  Vere  secured  to  the  ends  of 

pipes  cut  to  suitable  length,  and  these, 

.     ^  ^   J  ^     ^v  ^  Fig.  3 — Arrangement  of 

m  turn,  were  connected  to  the  water  .,  n  eo         r» 

*  Nozzles   for  0.53  in.  Pre 

mains  by  means  of  a  rubber  hose  and  cipitation  per  Minute 
arranged    to   slide    along    a  vertical 

post.  Two  groups  of  nozzles  were  used,  and  by  means  of  this 
arrangement,  it  was  possible  to  adjust  the  angle  of  precipita- 
tion, and  by  moving  the  nozzles  closer  or  further  away 
from  the  insulators,  to  adjust  the  amount  of  rain  supplied  per 
minute.  It  was  found  more  expedient  to  entirely  open  the  valve 
in  the  mains,  thus  operating  with  full  pressure  of  the  standpipe, 
and  to  regulate  the  amount  of  water  by  adjusting  the  number  of 
working  nozzles,  their  heights  and  distance  away  from  the  in- 
sulator under  test.  The  amount  of  precipitation  was  determined 
by  means  of  a  specially  constructed  rain  gage,  consisting  of  a 
fimnel-shaped  vessel  with  a  cover,  provided  with  an  aperture 
five  in.  (12.7  cm.)  in  diameter.  The  edges  of  the  opening  were 
slightly  raised  to  prevent  the  water  from  spilling  and  splashing 
over  the  top  of  the  funnel  when  striking  it  at  an  angle  of  45  deg. 
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The  gage  was  held  in  the  rain  at  the  points  where  the  several 
sections  of  the  insulators  would  be  located,  and  the  quantity 
of  water  was  measured  with  a  graduated  glass.  As  a  rule  the 
gage  was  operated  for  four  minutes  and  the  fall  of  water  deter- 
mined from  the  amount  gathered  during  that  time.  By  setting 
the  nozzles  and  adjusting  the  spacing,  the  correct  amount  of 
precipitation  could  be  obtained,  and  this  setting  was  left  imdis- 
turbed  during  each  series  of  tests.  One  insulator  after  the  other 
was  moved  to  the  mark  on  the  pipe  and  voltage  applied,  beginning 
low  and  increasing  by  successive  steps. 

It  was  foimd  that  although  water  flowed  freely  over  all  the 
sections,  wetting  an  area  of  7  ft.  (2.13  m.)  in  diameter,  on  the 


L 


Fig.  4 — Rain  Gage  and  Stand  Used  for  Determining 

Fall  of  Water 


platform,  and  thoroughly  flooding  the  top  of  the  sections,  the 
inside  of  the  insulators  remained  practically  dry  except  for  a  few 
drops.  For  those  reasons,  it  was  necessary  to  apply  the  rain  for 
some  time  before  voltage  was  applied  in  order  to  arrive  at  reli- 
able and  unvarying  results.  The  water  was  turned  off  when 
insulators  were  changed  and  turned  on  again  when  ready  for 
test.  A  long  series  of  check  tests  showed  that  the  precipitation 
was  constant  within  the  error  of  observation  after  turning  water 
on  and  off,  provided  the  valve  was  always  turned  on  wide  open. 
In  most  cases,  the  same  underhung  suspension  insulators, 
strung  horizontally,  were  subjected  to  a  series  of  rain  tests  to 
ascertain  their  performance  when  used  as  strain  insulators,  but 
on  account  of  this  horizontal  position,  required  a  somewhat 
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different  method  of  supporting.  The  insulator  was  strung  be- 
tween two  well-braced  upright  wooden  posts.  In  order  to  pre- 
vent leakage  to  ground,  a  number  of  units  were  inserted  between 
the  posts  and  the  insulator  under  test.  The  nozzles,  twelve  in 
number,  were  located  directly  above  at  a  distance  of  25  in. 
(63.5  cm.)  from  the  center  of  the  insulators,  directing  the  spray 
of  water,  which  could  be  raised  from  0.22  to  0.5  in.  (5.58  to 
12.7  mm.)  and  even  0.75  in.  (19  mm.)  per  minute  at  an  angle  of 
45  deg.  either  toward  the  inside  or  the  outside  of  the  sections. 
The  water  was  measured  with  the  same  rain  gage  used  in  previous 
tests,  at  eight  different  points  within  the  space  occupied  by  the 
instdator  when  in  place,  allowing  the  gage  to  remain  thirty 
seconds  in  each  of  the  eight  positions. 

Parallel  Test,  A  most  interesting  series  of  tests  with  all  in- 
sulators connected  in  parallel  was  made  later,  in  order  closely  to 
follow  their  performance  simultaneously  at  different  voltages. 
The  insulators,  composed  of  a  proportionately  smaller  number 
of  sections,  were  supported  from  the  pipe,  equally  spaced,  their 
lower  ends  connected  by  a  common  bus.  Voltage  was  applied 
and  gradually  raised  as  in  previous  tests.  As  soon  as  a  voltage 
was  reached  at  which  one  of  the  insulators  would  show  signs  of 
distress,  a  photographic  record  was  taken  of  the  whole  set,  after 
which  the  failing  insulator  was  disconnected  from  the  bus  and  the 
voltage  increased  imtil  one  of  the  remaining  insulators  would 
fail,  and  so  on.  A  similar  series  of  tests  was  performed  with  the 
insulators  subjected  to  rain.  Each  insulator  had  its  own'set  of 
nozzles  and  the  flow  of  water  was  regtdated  to  be  the  same  for 
every  string.  The  test  was  made  with  0.15  in.  (3.8  mm.)  of 
water  per  minute  at  45  deg. 

Puncture  Test.  Under  ordinary  conditions,  it  is  almost 
impossible  to  puncture  an  insulator,  in  dry  air,  since  a  well- 
proportioned  insulator  will  flashover  at  a  voltage  well  below  its 
puncture  voltage.  To  obtain  values  for  the  puncture  voltage, 
it  is  necessary  to  immerse  the  insulator  under  oil  and  to  take  a 
ntmiber  of  other  precautions,  like  the  protection  of  leads,  etc. 
Following  this  plan,  a  series  of  tests  was  performed  in  which 
this  voltage  was  determined  for  all  the  different  types  of  insula- 
tors. 

Mechanical  Tests.  The  testing  device  used  to  determine 
the  breaking  strength  of  suspension  insulators^  consisted  of  a 
frame-work  in  which  the  insulator  was  fastened  by  links  and 
steel  cables  and  the  tension  applied  by  means  of  a  screw  acting 
on  a  lever.    A  robust  dynamometer  indicated  the  maximum  pull 
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exerted  by  the  screw  and  that  pull  multiplied  by  three,  the  ratio 
of  the  lever  arms,  gave  the  actual  tension  on  the  hook  of  the  in- 
sulator. Voltage  was  applied  across  the  insulator  while  pulling, 
but  it  was  found  that  the  insulator  puncttired  always  at  the 
moment  of  fracttire.  so  this  method  was  discontinued  on  sub- 
sequent tests.  A  number  of  tests  were  made  with  each  type  to 
arrive  at  a  fair  average  figtu"e,  and  photographs  were  taken  of  the 
appearance  of  the  fractures. 

The  above  is  a  brief  outline  of  the  apparatus  and  methods 
used  in  making  the  tests  on  high-tension  suspension  and  strain 
insulators.  A  number  of  post  type  insulators  were  also  tested 
in  a  similar  manner.  As  there  were  but  two  types  offered,  neither 
of  which  met  the  specified  tests,  considerable  development  work 
was  necess^try  until  fairly  satisfactory  types  were  evolved. 

After  completion  of  all  design  tests  and  before  the  final  selec- 
tion of  the  insulator  best  fitted  to  fulfil  the  specified  require- 
ments, one  week  was  set  aside  for  witness  tests.  This  was  done 
to  demonstrate  to  the  manufacturers  and  their  engineers  the 
method  which  was  followed  in  making  these  tests  and  to  give 
them  an  opportunity  to  make  their  own  observations  with  regard 
to  the  results  obtained  under  conditions  controlled  in  accordance 
with  the  tests  specified.  These  conditions,  as  mentioned  before, 
were  kept  unaltered  during  all  tests  and  were  constantly  checked 
and  adjusted,  if  this  was  found  necessary. 

The  tests  performed  in  the  presence  of  the  manufacturers  were 
really  nothing  else  but  a  repetition  of  the  tests  already  made,  and 
incidentally,  served  the  purpose  of  furnishing  an  additional 
set  of  confirming  results.  In  every  case,  these  results  checked 
closely  with  those  obtained  during  previous  tests,  as  theconditions 
under  which  each  test  was  made  could  easily  be  duplicated. 

Test  Results 

suspension  insulators 

As  to  the  method  of  comparing  the  performance  of  the  different 
types  of  insulators  imder  test,  it  became  apparent  from  the  start 
that  no  standards  existed  which  could  be  followed  or  used  as  a 
guide.  From  an  academic  standpoint  it  would,  perhaps,  have 
been  of  importance  to  measure  the  watts  lost  for  each  type  of 
insulator  imder  varying  conditions.  This  method  may  give 
results  which  would  allow  of  direct  comparison,  but  the  difficulty 
of  measuring  power  accurately  under  the  conditions  imposed  by 
the  test,  and  at  such  high  voltages,  appears  to  be  out  of  proportion 
with  the  expected  accuracy  of  the  results.  ^It^was,  therefore^ 
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decided  to  compare  qualitative  rather  than  quantitative  results. 
Under  the  assumption,  which  should  not  be  far  from  correct,  that 
the  power  loss  of  an  insulator  would  make  itself  manifest  in  a  pro- 
portionate display  mostly  of  luminous  character,  the  direct  com- 
parison of  this  visual  display  with  the  voltage  required  to  create 
it  shoiild  give  a  fair  means  of  judging  the  relative  insulating  value 
of  two  instdators,  provided  all  other  conditions  remained  the 
same  and  unaltered.  In  applying  this  method  in  practise,  there 
are,  of  course,  a  nvunber  of  other  considerations  requiring  atten- 
tipn.  For  instance,  the  display  of  luminosity  may  appear  gradu- 
ally in  direct  proportion  with  the  voltage  applied,  or  it  may 
appear  rather  suddenly  after  a  certain  limit  of  voltage  has  been 
reached;  or  else,  the  display  may  appear  to  be  localized  at  some 
parts  or  points,  which,  though  a  portion  of  the  insulators,  are  of 
no  value  to  its  insulating  quality  and  merely  show  faidty  design. 
As  will  be  explained  later,  the  presence  of  such  parts  is  always  the 
cause  of  failure,  regardless  of  the  quality  and  design  of  the  porce- 
lain parts  themselves.  Taking  into  consideration  the  many 
sources  which  contribute  towards  the  discharge  of  an  insulator 
under  potential,  and  by  following  the  system  of  comparison  out- 
lined above,  it  was  possible  to  classify  the  instdators  according 
to  certain  well-defined  merits  and  demerits.  After  balancing 
all  merits  of  an  insulator  against  all  its  demerits  and  by  succes- 
sively eliminating  those  insulators  possessing  the  greatest  number 
of  demerits,  it  was  possible  to  arrive  at  one  type  which  had  the 
least  number  of  disadvantages  and  the  most  of  the  advantages. 
In  the  discussion  of  the  actual  test  results  obtained,  the  differ- 
ent types  of  insulators  are  designated  with  the  letters  i4,  5,  C, 
D,  £,  and  F,  in  accordance  with  the  half-tone  illustrations  rep- 
resenting the  different  makes.  From  the  results  of  the  dry  test, 
it  can  safely  be  said  that  all  insulators  with  the  exception  of 
types  A  and  B  withstood  the  tests  of  three  times  line  voltage 
more  or  less  satisfactorily.  The  following  table  gives  the  actual 
results  in  condensed  form: 


Type 

Number  of 
units 

Brush  discharge  becomes 
visible  at 

Heavy  static  discharge  but 
no  flash-over 

A 
C 
D 

E 
P 

5 

5 
5 

7 
5 

150  kv. 

250     ■ 

250     '  on  hook 

200     ■  on  cotter-pin 
260     • 

330  kv. 

330     ■  on  top 
330     •  at  point  of 
hook 

Not  excessive  at  330  kv. 

■             ■       ■             ■ 
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From  the  wet  tests,  which  were  the  most  significant  of  all, 
the  final  results  of  the  series  executed  with  0.5  in.  (12.7  mm.) 
water  per  minute  are  given  ^elow: 


Discharge  becomes  visible 

Type 

Sections 

below 

Failure  occurs  at    . 

A 

5        ! 

150  lew. 

160  kw. 

C 

5 

225     - 

265     ■ 

D 

5 

250     ■ 

280     ■ 

E 

7 

225     ■ 

260     • 

E 

8 

250     ■ 

300—310 

F 

5 

1 

250     ■ 

300     ■ 

The  first  visible  discharge  occurs  invariably  around  the  top 
section,  in  the  form  of  streamers  radiating  in  a  more  or  less 
oblique  direction  away  from  the  edge  of  the  top  skirt.  The 
subsequent  breakdown  of  the  insulator  appears  to  grow  gradu- 
ally with  increasing  voltage.  This  is  especially  noticeable  on 
type  A,  whereas  it  is  less  prominent  on  other  types;  i.e., they 
may  hold  out  fairly  well  until  a  critical  voltage  is  reached. 
Above  this  voltage,  the  insulator  will  fail  rapidly  with  relatively 
slight  increase  of  voltage. 

As  a  rule,  more  or  less  active  discharge  always  takes  place 
around  the  pin  of  the  insulator  within  the  hollow  of  the  petticoat 
on  all  insulators  designed  along  the  orthodox  lines  of  a  pin 
insulator  like  types  C,  D,  and  F.  This  discharge  is  practically 
absent  in  the  one-piece  insulator  E,  which  is  not  provided  with  an 
inner  petticoat.  Any  discharge  which  occurs  at  the  point  where 
the  pin  issues  from  the  porcelain  disk  is  effectively  broken  up 
and  confined  within  a  small,  concentric  corrugation. 

The  character  of  the  breakdown  is  different  for  each  type  of 
insulator.  Type  A  breaks  down  on  account  of  the  excessive 
leakage;  the  whole  insulator  becoming  conducting,  as  it  were. 
The  breakdowns  of  the  other  types  have  more  the  character  of  a 
flash-over  from  one  section  to  the  next,  the  moment  the  voltage 
is  high  enough  to  break  through  the  wet  and  conducting  air  en- 
veloping the  sections.  This  breakdown  voltage  could  be  as- 
certained with  fair  accuracy,  and  these  figures  were  used  as  merits 
or  demerits  in  accordance  with  their  relative  values. 

From  these  records  one  feature  is  especially  worthy  of  note. 
Almost  in  every  case  the  discharge  of  the  insulator  was  started 
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by  a  sharp  comer  or  point  of  the  metal  fittings  by  means  of  which 
the  sections  were  held  together.  In  all  cases  except  A ,  B  and  D, 
the  static  field  around  the  insulator  sections  was  uniformly 
distributed  in  consequence  of  the  almost  symmetrically  arranged 
parts  occupying  a  space  within  this  field.  The  word  "  almost  " 
is  used,  as  the  presence  of  even  slight  projections  like  the  head  of 
a  cotter-pin  in  the  bolt  linking  the  two  sections  together  was 
enough  to  break  up  the  air  at  that  point  after  a  certain  voltage 
was  reached.  In  case  -D  this  phenomenon  was  particularly 
noticeable.  The  metal  parts  in  the  shape  of  two  prominent  hooks 
were  so  large  that  the  field  was  excessively  distorted,  creating 
highly  imeven  stresses  in  the  air.  The  highest  stresses  are 
localized  at  the  sharp  point  of  the  hook,  as  is  apparentthemoment 
the  voltage  is  raised  above  a  critical  value.  That  this  distortion 
of  the  field  is  always  accompanied  by  a  premature  failure  of  the 
insulator  can  be  proved  by  eliminating  those  unsynmietrical 
iron  parts,  covering  them,  for  instance,  as  was  done  in  some 
experiments,  with  a  cylindrical  metal  shield.  Although  the 
striking  distance  is  thereby  somewhat  reduced,  the  insulator 
is  capable  of  withstanding  a  voltage  at  least  10  per  cent  over  and 
above  that  which  it  was  able  to  withstand  with  the  hooks 
bare.  In  case  of  A  the  distortion  of  the  field  is  especially  prom- 
inent. As  beautiful  as  the  link  feature  appears  from  a  purely 
mechanical  viewpoint,  it  creates  most  unfavorable  stresses  in 
the  air  between  the  disks,  likewise  in  the  holes  within  the  disks. 
The  stresses  in  the  porcelain  cap  are  more  uniformly  distributed 
in  all  cases  except  A  and  B.  In.  these  latter,  the  dielectric  is 
strained  the  most  at  that  point  where  the  interlinking  metal 
parts  have  their  least  separation  from  each  other.  In  all  other 
cases  in  which  use  is  made  of  a  metal  cap  and  pin,  the  stresses 
in  the  porcelain  are  higher  closer  to  the  pin,  and  decrease  gradu- 
ally and  uniformly  towards  the  cap.  As  long  as  the  highest 
value  of  this  stress  is  well  below  the  safe  working  limit  the  insula- 
tor is  not  endangered.  But  in  every  case,  the  diameter  of  the 
pin,  together  with  the  voltage  it  assumes,  remain  the  determining 
factors  for  the  highest  stress  of  the  porcelain  within  the  cap. 
For  this  reason,  it  seems  that  no  advantage  is  gained  by  the  use 
of  a  two-piece  insulator.  Theoretically  correct,  the  idea  of  using 
two  thicknesses  of  porcelain  would  appear  to  offer  a  larger  margin 
of  safety.  In  practise,  the  idea  cannot  be  worked  out  to  its 
full  efficiency,  for  the  size  of  the  pin  cannot  be  increased  without 
correspondingly  increasing  the  size  of  the  cap,  making  an  in- 
sul&tor  of  this  sort  too  bulky  and  altogether  impractical. 


1:^1^1^^ ::_  ^Ki*2w^  ^  I 


^M 


-^mS 


PLATE  CXXX 


PLATE  CXXXIl 


PLATE  CXXXIV 

A.  I.  E.  e. 

VOL.  XXXI,  1912 


Tig.    10c — Saue   as   Preceding   Test    (f>) 

TO   300   KV. 
Note  aailomlT  dlilribui«il  dJKhargt. 


Voltage   Raised 


Fig.     11&— Tvpe  C— Fractures  Occurred  at  15,000  \. 


1912]  SOTHMAN:  HIGH-TENSION  INSULATORS  2163 

From  all  these  considerations  it  was  found  advisable  to  have 
the  metal  parts  of  the  instdators  as  symmetrical  as  possible, 
presenting  a  smooth,  and  even  surface  void  of  any  projection 
whatever.  In  accordance  with  this  suggestion  the  ball  and  socket 
type  connection  was  subsequently  devised  by  one  manufacturer 
to  meet  this  contingency. 

Another  feature  which  militates  against  the  use  of  a  two-piece 
instdator  is  the  fact  that  it  is  impossible  to  equalize  the  stresses 
in  the  two  pieces  under  all  a^d  any  conditions.  In  a  dry  condi- 
tion, the  porcelain  of  the  inner  petticoat  is  far  less  strained  than 
when  the  top  section  is  wet  and  conducting.  The  working 
eflSciency  of  the  material  is  bad  and  the  cost  of  a  two-piece 
insulator  is  necessarily  high. 

Outside  of  the  design  determining  the  electrical  eflSciency  of 
the  instdator,  the  method  of  mechanically  connecting  the  diflFerent 
units  to  a  string  is  of  no  little  importance.  The  practise  of 
cementing  a  pin  into  a  porcelain  shell  and  subjecting  the  pin  to 
a  strain  may,  at  first  sight,  be  regarded  by  many  engineers  as 
a  doubtftd  proposition,  and  it  was  in  that  light  that  the  inter- 
linking feature  of  types  A  and  B  was  devised.  As  already  men- 
tioned, this  link  feature  has  proved  to  be  a  failure,  at  least  electric- 
ally, and  the  cemented  pin  has  so  far  given  no  cause  for  complaint. 
The  breaking  strength  of  the  cemented  pin,  on  the  other  hand, 
had  been  found  to  be  far  superior  to  the  wire  link  type,  in  some 
cases  being  nearly  twice  as  strong.  The  device  of  type  C  is  un- 
questionably a  most  splendid  solution  of  the  problem,  as  for  an 
actual  holding  power,  this  type  can  hardly  be  excelled. 

As  stated  elsewhere,  it  was  possible  to  tabulate  the  test  re- 
sults and  to  classify  the  insulators  according  to  their  merits  and 
demerits.  How  this  was  done  will  appear  from  the  two  follow- 
ing tables.  The  first  table  contains  a  stmMnary  of  characteristics, 
*.  e.,  a  tabulation  of  all  features  which  can  be  measured  and  ex- 
pressed in  one  or  another  unit.  The  first  column  of  this  table 
contains  characteristics  like  diameter,  spacing,  number  of  sec- 
tions, length  over-all,  open  spacing  between  sections,  widths,  etc. 
A  nvmiber  of  other  characteristics  relating  to  design  are  also 
added,  like  number  of  pieces,  method  of  connecting  the  sections, 
material,  etc.,  and  finally,  characteristics  bearing  directly  on 
their  electrical  eflBciency,  like  leakage  distance,  thickness  of  shell, 
dry  surface,  etc.  Opposite  each  column  representing  the  actual 
figures  corresponding  to  each  type  of  instdator  were  placed 
certain  comments,  indicating  observations  or  dftd^35:^Ksscfifc  ^^[v>50^ 
regard  to  those  particular  characteristics. 
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The  second  table  is  really  a  condensed  statement  of  all  results 
from  actual  tests,  both  electrical  and  mechanical.  The  table  also 
contains  the  specification  requirements.  In  compiling  this 
table,  a  certain  assumption  was  made  which,  although  not 
absolutely  correct,  was  justifiable  in  the  light  of  the  present 
comparison.  For  instance,  in  reference  to  the  number  of  sections 
used,  it  was  assumed  that  the  share  of  line  voltage  per  section 
was  in  direct  proportion  with  the  line  voltage  and  number  of 
sections. 

According  to  the  values  given  in  the  table,  each  section  of 
insiilator  is  subject  to  a  voltage  of  approximately  22  kv.  in  all 
cases,  except  in  type  £,  where  this  voltage  drops  to  15.7  and  even 
13.8  kv.  per  section,  according  to  whether  a  dbmplete  insulator 
is  made  up  of  seven  or  eight  sections,  respectively.  With  the 
flash-over  voltage  per  section  known,  the  ratio  of  flash-over 
voltage  to  share  of  line  voltage  can  be  determined,  this  figure 
being  equivalent  to  a  safety  factor  against  flash-over  for  the 
individual  section.  From  the  table  it  becomes  at  once  apparent 
that  type  E  has  a  very  high  ratio  in  comparison  to  type  A ,  which 
has  the  lowest.  Likewise,  with  the  pimcture  voltage  per  section 
known,  the  ratio  of  puncture  voltage  to  share  of  line  voltage 
represents  another  safety  factor  against  puncture,  which,  as  in 
the  former  case,  is  the  highest  for  type  E  and  lowest  for  type  C. 
The  voltage  per  inch  leakage  distance  has  been  found  to  be 
highest  with  type  A,  and  lowest  with  type  C,  type  E  being 
next  highest. 

The  table  also  gives  the  approximate  percentage  of  sections 
puncturing.  During  the  long  run  of  the  test  it  was  found  that 
insulator  sections  would  puncture  for  no  apparent  cause  and  a 
record  was  kept  of  all  these  failures.  At  the  end  of  ths  test  it 
was  considered  of  importance  enough  to  compare  these  percent- 
ages with  each  other,  assuming  that  these  values  could  be  taken 
as  a  fair  indication  of  the  superiority  of  one  insulator  above  the 
other,  with  reference  to  its  dielectric  strength.  From  the  table 
it  will  be  found  that  types  F  and  A  both  had  exceptionally  high 
percentage  of  puncture  as  compared  with  the  low  percentage 
of  type  E, 

The  average  breaking  strength  of  the  different  types  of  in- 
sulators as  found  from  nimierous  tests  are  tabulated  in  the  last- 
named  table  under  "  Mechanical  Tests.'*  The  highest  values 
were  obtained  with  type  C,  the  lowest  with  types  E  and  F,  all 
three  types  being  cemented  insulators.     It  must  be  said  in  d  - 


2156 


SOTHMA  N:  HIGH-  TENSION  INS  ULA  TORS       (Dec.  13 


> 

M 

M 
04 


•  2  ^ 

^   CO 


to  ^ 


JCJ  "O   ■" 


8? 


CO 


S  CO 


b3 


a  > 
o  M 

**   CD 

S  « 

00 

«l 
o    ^ 

s"- 


J,  "^   O 


> 


> 
M 

CI 


r-8 


•o 


00  J 


> 


>  3 

a  « 

>  9      ^ 


£  t^  00 
o  t*  c< 


> 

CI 


o 
at 


•-•      Wi 

2  o 

jO  CO 


> 

O 
c« 


> 

J4 


^^Jj 


9-a 

00  5  ^  « 


> 

J4 


•O  O 

GO   CO 


a 

u 

I 

CO 
CO 


> 

M 
M 


00 

eo 


at  oa 
lo  d 


5»  X 


islJJ 


«  ;?  ,2  « 

fr«  CO 


£  ■*  t*  M 

00  o 


s 


o 

(A 

H 
(A 
t4 

H 
o 

(A 

H 

s 


V 


** 

s 

u 

t) 

X 

*> 

it 

t« 

> 

< 

^ 

X 

> 

CI 

CI 


>       c 

O 

CO     Oi 
Js   -^  -5 


> 
.24 

O 


o 

CO 


<0  v« 


o 


So 


M 


o 
vi 


I 

CO 


t 


i-i     60 
c4    c4 


«  o 


< 

z 

< 

X 
u 

t4 


c 


..    be 

It     ct 


e 

o 
u 

o" 
ct 


> 


19121  BOTH  MAN:  HIGH-TENSION  INSULATORS  2157 

fense  of  the  last  two  types,  that  subsequent  tests  on  regular  stock 
insulators  showed  a  breaking  strength  of  not  less  than  8000  lb. 
(3628  kg.),  the  relatively  poor  results  obtained  by  the  former 
tests  being  due  solely  to  the  cement  which  had  not  properly  set. 
From  all  obsen^ations  and  test  results,  the  following  conclusions 
were  drawn  up  on  which  a  classification  of  the  various  types  of 
insulators,  in  the  following  order,  was  based: 

1.  Type  F,  This  type  meets  electrical  requirements  but  not 
the  mechanical  tests.  Design,  however,  can  be  readily  modified 
to  meet  mechanical  tests  and  incidentally,  improve  the  insulator 
electrically.  Percentage  of  puncture  can  be  kept  down  by  rigid 
inspection.  Insulator  shows  high  class  of  workmanship  and 
material. 

2.  Type  E,  This  type  meets  electrical  tests  with  eight  sec- 
tions, but  not  the  mechanical  tests.  Insulator  should,  without 
material  modification  of  design,  be  able  to  come  up  to  the  re- 
quired mechanical  tests.  Slight  increase  in  diameter  should 
also  increase  electrical  efficiency  of  insulator.  Large  number  of 
open  spaces  between  units  is  of  advantage.  Insulator  is  strong, 
durable,  light  and  compact.  Method  of  connecting  units  should 
be  modified  so  as  to  present  symmetrical  and  smooth  surface  to 
prevent  premature  discharge. 

3.  Type  D.  This  type  meets  electrical  and  mechanical  tests. 
Insulator  has,  however,  very  faulty  design.  Diameter  too  large; 
weight  and  bulk  too  high.  Inefficient  cementing  of  hook. 
Hook  feature  to  be  condemned,  causing  distortion  of  field  and 
premature  discharge.  As  a  two-piece  insulator,  electrical  stresses 
of  petticoats  are  not  balanced. 

4.  Type  C.  This  type  meets  the  mechanical  but  not  electrical 
requirements.  The  insulator  is  far  too  fragile,  causing  excessive 
breakage  in  ordinary  handling.  Sections  are  too  close  upon  each 
other,  leaving  too  small  a  clearance  between  units.  As  a  two- 
piece  insulator,  electrical  stresses  of  petticoats  are  imbalanced. 

5.  Type  A .  This  type  meets  mechanical  but  not  the  electrical 
requirements. 

Final  selection  of  the  type  E  insulator  was  made  in  consequence 
of  various  favorable  considerations.  Type  F  is  of  Eiu^opean 
design  and  manufacture,  and  its  selection  would  have  entailed 
several  difficulties,  especially  in  regard  to  delivery.  Next  to 
type  F,  type  E  was  found  to  be  the  most  suitable  and  practical 
insulator,  both  from  an  engineering  and  a  commercial  point  of 
view,  and  this  consideration,  together  with  the  outlook  for  better 


2158  SOTHMAN:  HIGH-TENSION  INSULATORS      [Dec.  13 

deliveries,  determined  its  adoption.  It  must  be  mentioned  that 
the  diameter  of  the  insulator  was  subsequently  changed  from  10 
in.  (25.4  cm.)  to  11  in.  (28  cm.),  and  that  the  ball  and  socket  type 
connection  was  universally  adopted. 

STRAIN    INSULATORS 

No  special  insulators  were  offered  for  use  as  strain  insulators 
excepting  the  one  designated  as  type  5,  which  is  but  a  variation 
of  type  A .  In  order  to  increase  the  efficiency  of  the  suspension 
insulator  for  use  as  a  strain  insulator,  one  or  two  additional  sec- 
tions were  added  by  the  manufacturers.  From  numerous 
tests  similar  in  character  to  those  performed  on  suspension 
insulators,  it  was  found  that  none  of  the  different  types  recom- 
mended by  the  manufacturer  met  the  requirements  of  the  speci- 
fications for  wet  test.  Excessive  leakage  at  voltages  below  the 
standard  fixed  in  the  specification  (220  kv.)  made  their  use  as 
strain  instdators  prohibitive.  As  one  exception,  type  E,  using 
as  many  as  ten  sections  instead  of  seven,  showed  some  advantage 
over  the  others,  but  even  at  its  best  was  found  to  be  not  entirely 
satisfactory.  In  every  case,  failure  of  the  insulator  did  not  occur 
suddenly,  but  very  gradually.  Distress  begins  to  be  visible  at 
voltages  as  low  as  110  kv.,  this  distress  increasing  in  almost 
direct  proportion  with  the  voltage. 

After  considerable  experimenting  with  new  designs  and 
numerous  combinations,  it  was  found  that  the  use  of  ten  sections 
of  the  adopted  insulator  type  E  gave  the  least  unsatisfactory 
results  of  all.  With  a  modification  of  the  design  of  the  cap, 
increasing  the  breaking  strength  of  the  insulator,  this  type  was 
finally  adopted  for  use  as  strain  insulators. 

The  preceding  sections  of  this  paper  dealt  with  the  investiga- 
tion only  in  so  far  as  it  covered  the  selection  of  a  suitable  insulator. 
With  this  question  settled,  there  remained  one  not  less  important 
part  of  the  work,  viz. :  the  supervision  of  the  factory  tests  on  some 
140,000  insulator  sections.  The  specifications  called  for  distinct 
electrical  and  mechanical  tests  on  each  unit,  and  the  acceptance 
of  the  insulators  was  based  on  their  ability  to  pass  these  tests. 
Outside  of  these  specified  tests,  the  insulators  had  to  conform  to 
certain  well-defined  standards  as  to  shape,  quality,  finish,  etc. 
The  whole  inspection  and  supervision  of  tests  was  comparable 
<"o  a  weeding-out  process,  and  it  was  the  duty  of  the  inspectors 
to  see  that  this  process  was  carried  out  in  conformity  with  the 
specifications.     After  successful  completion  of  all  factory  tests, 
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the  insulators  were  packed  and  shipped  to  the  nearest  railroad 
siding  where  they  were  delivered  to  the  contractors. 

Even  though  the  specifications  were  drawn  up  with  the  utmost 
care,  taking  into  consideration  every  phase  of  the  work  involved, 
it  was  found  during  the  course  of  this  investigation,  and  especially 
during  the  subsequent  work  at  the  factories,  that  they  did  not 
meet  every  contingency.  In  a  number  of  instances  it  was  foimd 
almost  impossible  to  hold  the  manufacturer  down  to  the  terms 
of  the  specification,  but  that  he  had  to  be  allowed  a  considerable 
margin  in  his  favor.  Although  the  manufacturer  guaranteed 
to  furnish  insulators  in  accordance  with  samples  submitted  and 
approved,  in  the  regular  course  of  manufacture  it  was  found 
to  be  a  commercial  impossibility  to  keep  the  standard  at 
par  with  the  hand-picked  samples.  In  prescribing  limits  be- 
tween which  variances  were  allowable,  both  mechanically  and 
electrically,  it  proved  to  be  a  very  difficult  matter  to  draw  a 
distinct  line.  After  the  contract  was  let  and  the  manufacture 
was  progressing,  difficulties  were  encountered  in  determining 
when  an  insulator  had  successfully  passed  certain  inspection  or 
tests,  requiring  several  conferences  between  manufacturer  and 
engineers  in  order  to  come  to  a  definite  understanding.  From  all 
these  experiences  and  observations,  it  was  found  that  specifica- 
tions for  high-tension  insulators  were  susceptible  of  a  number 
of  amendments,  which,  if  properly  worked  out,  would  go  far 
towards  minimizing  possible  misinterpretations  and  misunder- 
standings. 

In  viewing  this  work  now,  after  a  number  of  years  rich  in  ex- 
perience have  passed,  and  in  the  light  of  all  after  events,  it  must 
be  admitted  that  the  problem  of  insulating  high-tension  trans- 
mission lines  is  yet  far  from  being  solved.  Much  valuable  ex- 
perience has  been  gained  which  in  the  course  of  time  will  un- 
doubtedly be  utilized  to  improve  methods  and  means  of  effec- 
tively insulating  and  protecting  a  transmission  line.  With 
special  reference  to  the  question  of  insulators  and  their  future 
development,  it  will  be  understood  by  all,  that  work  in  this  direc- 
tion can  be  carried  out  successfully  only  with  a  close  co-operation 
between  the  ceramic  and  operating  engineers.  The  question  of 
properly  designing  and  loading  an  insulator  is  one  which  presumes 
a  thorough  knowledge  of  transient  phenomena  occurring  on  a 
transmission  line  and  their  proper  interpretation  with  regard  to 
the  effect  on  the  insulators.  Once  these  phenomena  are  known 
and  their  effect  thoroughly  understood,  the  drawing  up  of  speci- 
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fications  forl^high-tension  instdators  will  become  a  matter  less 
open  for  conjecture.  For  it  is  quite  probable  that  precautions, 
now  taken  in  one  direction,  are  often  imwarranted  and  tmcalled 
for,  whereas,  on  the  other  hand,  liberal  allowances  made  in  other 
directions  may  be  of  the  greatest  detriment  to  the  line  and 
insulators. 

In  summing  up  the  experience  gained  dtiring  the  foregoing 
investigations,  especially  with  regard  to  testing,  the  following 
points  are  presented  as  worthy  of  future  consideration  and  dis- 
cussion. 

They  are  given  in  the  form  of  an  itemized  list  of  headings  or 

questions  to  which  are  added  a  few  remarks,  commenting  on 

certain  experiences  gained  either  in  the  field,  in  the  factory,  or 

in  the  testing  room. 

Design  Test, 

What  design  test  should  be  specified  for  insulators  intended 
to  work  at  a  certain  voltage? 

In  the  present  case  a  dry  test  of  three  times  line  voltage  was 

specified.     Experience,  however,  seems  to  indicate  that  even 

though  the  instdator   may  meet  this  arbitrary  condition,  its 

safety  against  failure  in  actual  operation  is  not  thereby  assured. 

It  is  a  well-known  fact  that  an  insulator  is  never  endangered  by 

the  steady  static  forces  but  rather  by  tl^ose  sudden  and  transient 

movements  appearing  in  a  system  and  caused  either  by  external 

or  internal  distiu'bances.     It  is  not  the  steady  dead-load  which 

is  dangerous  to  a  bridge  or  structure,  even  though  it  may  assume 

a  value  two  or  three  times  higher  than  the  load  for  which  it  was 

designed,  but  those  moving  loads  which  will  set  up  vibrations 

and  surges  in  the  structure,  especially  if  they  are  rhythmical 

in  character  and  coincide  with  the  natiu'al  swing  of  the  bridge. 

For  this  reason,  soldiers  are  generally  not  permitted  to  cross  a 

bridge  while  marching  in  step.  Although  the  actual  forces  coming 

into  play  are  insignificant  in  such  cases,  their  effect  may,  under 

certain  conditions,  become  disastrous.     It  is  without  doubt  that 

the  insulators  of  a  transmission  line  are  very  susceptible  to 

similar  phenomena,  and  to  guard  against  failtire  from  these  causes, 

it  will  be  necessary  to  impose  tests  of  an  entirely  different 

character. 

Method  of  supporting  insulator  during  test.  Should  insulator 
support  be  grounded  and  voltage  applied  to  groove,  or  should 
voltage  be  applied  between  groove  and  pin,  both  ungrounded? 

At  first  sight,  it  may  appear  as  if  the  manner  in  which  the 

insulator  is  supported  during  tests  is  of  no  importance.    As  a 
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matter  of  fact,  the  proximity  of  large  grounded  or  ungrounded 
bodies  close  to  the  insulator  imder  test  will  materially  afEect  the 
distribution  of  the  static  field  around  the  insulator,  especially 
when  these  tests  are  performed  with  one  side  of  the  potential 
grounded;  the  best  method  of  supporting  an  insulator  and  apply- 
ing a  test  would  undoubtedly  be  the  one  which  closely  approxi- 
mates conditions  under  which  the  insulator  works  in  actual 
operation. 

Capacity  of  testing  transformer  and  generator.  Method  of 
regulation  of  voltage.  Determination  of  correct  voltage  during 
test  at  any  time.  Should  spark  gap  be  used  or  static  voltmeter, 
or  should  step-down  transformers  in  connection  with  voltmeters 
be  used? 

The  kilowatt  capacity  of  the  testing  outfit  cannot  be  too  large, 
for  the  puncture  of  a  weak  insulator  may  never  be  discovered 
but  for  the  power  back  of  the  transformer. 

As  to  the  method  of  regulating  the  voltage:  It  must  be 
accomplished  by  means  which  do  not  alter  the  shape  of  the  al- 
ternating-current wave  form  and  the  latter  should  be  a  true  sine 
curve.  From  the  different  means  employed  today,  like  water 
rheostat,  induction  regulators,  auto-transformers,  etc.,  the 
method  of  regulating  the  voltage  of  the  alternator  by  controlling 
its  field  current  seems  to  offer  the  most  advantages. 

In  reference  to  the  determination  of  the  voltage,  several 
methods  are  at  present  in  vogue.  The  most  common  of  these 
methods  involves  the  use  of  a  properly  calibrated  spark  gap. 
An  ordinary  voltmeter  in  connection  with  a  step-down  trans- 
former is  also  used,  and  finally,  in  some  instances,  static  volt- 
meters have  given  excellent  satisfaction.  Each  of  these  methods, 
however,  has  its  drawbacks.  The  spark  gap  setting  is  susceptible 
to  atmospheric  conditions.  It  may  also  introduce  imdesirable 
oscillations  at  the  instant  of  discharge.  The  breakdown  voltage 
of  an  insulator  cannot  be  determined  by  means  of  spark  gap 
alone,  which  in  this  case  must  be  supplemented  by  a  volt- 
meter reading.  Another  feature  is  the  burning  off  of  the 
points,  each  time  the  gap  discharges,  a  matter  which  cannot 
always  be  avoided.  The  method  employing  step-down  trans- 
formers is  not  altogether  reliable  and  should  be  used  in  connection 
with  a  gap  from  which  the  voltmeter  readings  are  calibrated. 
Undoubtedly  the  best  method  to  ascertain  the  value  of  the 
testing  potential  is  by  means  of  a  static  voltmeter  of  suitable 
design. 
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Frequency,  permissible  distortion  of  wave  form,  effect  of  har- 
monics and  high  frequencies. 

The  effect  of  the  frequency  upon  the  results  is  a  matter  which 
is  very  seldom  fully  appreciated.  The  value  of  the  charging 
current  increases  in  direct  proportion  with  the  frequency,  and 
the  effect  of  this  ciirrent  will  naturally  follow  a  similar  law.  An 
insulator  tested  at  60  cycles  will  show  different  results  than  when 
tested  at  25  cycles,  the  potential  being  the  same  in  both  cases. 
If  for  any  reason,  the  wave  form  of  the  alternator  is  not  a  true 
sine  curve,  the  results  may  become  extremely  misleading,  to  say 
the  least.  In  one  case  which  is  on  record,  a  porcelain  transformer 
bushing  was  tested  at  two  different  places  under  apparently 
identical  conditions,  and  yet  the  results  differed  by  nearly  40  per 
cent.  The  tests  were  checked  and  re])eated  several  times  with  no 
better  results  until,  finally,  the  wave  form  of  one  of  the  alternators 
was  found  to  have  a  very  pronounced  13th  harmonic.  Immedi- 
ately this  harmonic  was  suppressed,  the  tests  could  be  duplicated 
at  both  places  without  difficulty.  The  smaller  the  number 
of  insulators  tested,  the  smaller  also  the  capacity  of  these  insula- 
tors, the  more  pronounced  will  be  any  effect  caused  by  higher 
frequencies  appearing  in  the  electrical  system  used  for  such  tests. 
With  a  large  number  of  insulators,  and  consequently,  with  a  large 
capacity  available,  these  higher  frequencies  will  cause  relatively 
little  trouble,  provided  the  amount  of  energy  they  represent  is 
small.  But  in  all  cases  where  the  capacity  of  the  insulator  tested 
is  small,  the  wave  form  of  the  alternating  current  should  be  a 
pure  sine  wave. 

As  to  the  number  of  insulators  which  should  be  tested  in  order 
to  arrive  at  a  fair  average  value,  this  is  a  matter  left  open  for 
discussion. 

Effect  of  power  factor  upon  test. 

The  effect  of  the  power  factor  on  insulator  tests  is  also  left 
open  for  discussion.  When  a  large  number  of  insulators  are 
tested  simultaneously,  the  available  load  of  the  transformer  is 
utilized  to  charge  that  large  capacity  and  there  will  exist  consider- 
able lead  between  this  charging  current  and  the  impressed  e.m.f . 
Whether  or  not  this  power  factor  has  any  influence  on  the  test 
results  is  left  open  for  discussion. 

What  wet  test  should  be  specified?  Should  it  be  artificial  rain, 
dew,  salt  water  spray,  etc.?  Amount  of  precipitation  per  minute? 
Character  of  precipitation  and  means  for  applying  the  same? 
Angle  at  which  this  precipitation  should  be  applied? 
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Several  means  for  approximating  the  conditions  foimd  in  the 

open  air  are  used  at  the  present  time.     Artificial  rain  is  applied 

which  may  vary  between  wide  limits  from  a  downpour  to  a  mist ; 

it  may  be  applied  vertically  or  at  an  angle,  usually  45  deg.     Or 

else   the  insulators  may  be  confined  within  an  air-tight  room  in 

which  steam  is  left  to  escape  until  the  insulators  are  completely 

enveloped  in  an  atmosphere  of  steam  and  covered  with  a  film  of 

condensed  vapor.     Each  test  will  yield  certain  results,  but  no 

two  tests  can  be  compared  unless  the  conditions  governing  the 

tests  are  the  same  in  both  cases.     Which  of  these  methods  is 

the    most    effective    remains    to    be    determined.      It    should 

always  be  chosen  with  regard  to  the  facility  for  duplicating  it 

at  any  time.     In  the  present  instance,  the  specifications  called 

for  250  kv.  with  0.5  in.  (12.7  mm.)  rain  per  minute  vertically 

applied,  or  220  kv.  applied  at  45  deg.     These  figures  may  seem 

arbitrary,  and  far  above  the  standards  commonly  used,  but  on 

the  other  hand,  they  also  include  a  safety  factor  higher  than  it 

is  customary  to  allow.     The  above  rain  tests  are  easily  made  or 

duplicated,  which  is  a  great  advantage.     On  the  other  hand, 

the  distribution  of  the  water  needs  considerable  improvement 

to  approximate  more  closely  real  rain. 

What  should  determine  the  failure  or  the  success  of  insulator 
under  test?  Should  it  be  the  luminous  display  when  test  is  per- 
formed in  absolute  darkness,  and  if  so,  what  should  be  the  limit  of 
intensity?  Or,  should  the  ratio  of  flash-over  or  breakdown 
voltage  to  voltage  at  which  first  sign  of  luminosity  appears,  be 
considered? 

With  all  conditions  of  test  fully  determined,  and  agreed  upon, 
there  remains  the  most  difficult  task  of  all ;  namely,  to  judge  the 
performance  of  the  insulator  under  test.  The  method  followed 
and  described  elsewhere  in  this  paper  was  the  only  one  which 
promised  to  yield  comparable  results.  This  method,  however, 
has  the  disadvantage  of  being  a  purely  subjective  matter.  Even 
the  comparing  of  photographic  records  is  susceptible  to  that 
personal  element  always  present.  That  the  method  is  not  free 
from  objections  has  been  realized  from  the  start,  but  in  the 
absence  of  some  better  way,  it  had,  at  least,  the  advantage  of 
sinirplicity.  It  is  quite  evident  that  there  must  be  other  ways 
of  determining  the  efficiency  of  insulators  than  by  merely  com- 
paring their  luminous  display  either  among  themselves  or  with 
that  of  a  standard.  What  this  method  should  be,  is  an  open 
quCvStion.  Undoubtedly,  the  determining  of  watts  lost  would 
yield  results  free  from  the  personal  element  if  a  reliable  method 
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could  be  devised.  In  regard  to  the  other  method  mentioned, 
in  which  the  ratio  of  breakdown  voltage  to  voltage  at  which  first 
brush  discharge  becomes  visible,  is  made  the  basis  of  comparison, 
it  is  likewise  not  always  an  easy  matter  to  determine  the  exact 
value  of  this  voltage.  The  breakdown  voltage  of  an  insulator, 
as  a  rule,  is  fairly  constant,  but  the  voltage  at  which  the  brush 
discharges  become  visible  depends  largely  upon  various  accidental 
conditions  and  eventualities  which  render  its  determination  ex- 
tremely difficult.  Consequently,  this  method  should  be  viewed 
with  the  utmost  caution. 

Puncture  Test. 

Method  of  applying  and  performing  test.  Method  of  apply- 
ing electrodes.  Number  of  samples  to  be  tested  in  order  to  arrive 
at  a  fair  average  value. 

As  a  well-proportioned  insulator  will  flash  over  before  its  punc- 
ture voltage  is  reached,  it  becomes  necessary  to  test  the  insidator 
under  oil.  In  this  test,  the  most  important  feature  is  the  appli- 
cation of  electrodes.  Unless  the  area  presented  is  of  sufficient  size , 
erratic  and  unreliable  restdts  are  obtained.  The  cemented  cap 
and  pin  of  sections  of  the  suspension-type  instdator  form  ideal 
electrodes  in  a  test  of  this  character,  inasmuch  as  they  distribute 
the  stresses  in  the  porcelain  evenly  and  uniformly,  also  in  ex- 
actly the  same  manner  as  obtains  in  actual  use. 

Mechanical  Test. 

What  should  this  test  be?  Method  of  subjecting  insulator 
to  mechanical  test  according  to  whether  pin  insulator,  suspension 
or  strain  insulator  is  tested.  Method  of  applying  load.  Method 
of  recording  load  at  any  instant.  Should  mechanical  test  be 
performed    with   insulator   under   voltage? 

Routine  Test  and  Inspection. 

Inspections  for  physical  defects.  What  are  the  limits  to  be 
observed  in  rejecting  insulators  on  account  of  mechanical  imper- 
fections? 

There  naturally  exists  considerable  difference  of  opinion  be- 
tween manufacturers  and  engineers  as  to  the  insulators  which 
should  be  rejected.  In  most  instances,  the  porcelain  manufac- 
ttired  in  this  country  will  show  an  imperfect  surface.  This 
imperfection  is  caused  by  warping  of  body,  discoloration,  small 
cracks,  flaws,  grooves  and  foreign  material  adhering  to  glaze, 
bubbles  underneath  the  glaze,  etc.  As  a  rule,  foreign  and 
especially  German  porcelain  is  faultless  in  those  repects  and  there 
is  never  the  slightest  difficulty  in  rejecting  insulators  in  these 
factories. 
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What  routine  tests  should  be  specified?  Method  of  applying 
such  tests.  Number  of  insulators  tested  simultaneously. 
Method  of  applying  voltage.  Should  these  tests  be  continuous 
or  should  test  be  executed  in  stages,  allowing  for  the  removal 
of  insulators  failing  during  test?  If  insulators  are  subjected  to 
time  test,  should  the  test  be  continuous?  Is  it  good  practise 
to  subject  insulators  to  flash-over  test  for  any  length  of  time, 
with  regard  to  possible  deterioration  or  fatigue  of  the  porcelain? 
What  conditions  will  determine  the  success  or  failure  of  test? 
Should  insulators  failing,  be  cut  off  automatically  from  the  rest 
of  the  insulators  under  test? 

Two-Piece  Insulators, 

Where  insulators  are  made  up  of  several  parts,  cemented 
together,  should  cement  preparation  and  method  of  cementing 
be  specified?  Length  of  time  allowed  for  setting?  Should 
insulator  be  tested  over  electrically  after  cementing  is  done? 

Considerable  difficulties  were  experienced  in  Germany  with 
cemented  instdators.  The  cement  used  in  that  country  is  either 
plaster  of  paris  prepared  in  a  special  way,  or  litharge  and  glycerine 
and  several  other  cements  of  secret  composition.  It  has  been 
found  that  after  some  time,  the  shells  would  crack,  due — as  was 
inferred — to  the  working  of  the  cement  used,  and  for  that  reason 
the  cemented  type  insulator  has  been  abandoned  in  favor  of  the 
single-piece  type. 

While  the  insulators  which  were  selected  as  a  result  of  these 
tests  have  proved  to  be  highly  satisfactory  throughout  a  period 
of  two  years*  operation,  there  have  been  nevertheless  a  few  char- 
acteristic failures.  In  most  cases  the  ultimate  failiu-e  of  these 
insulators  was  due  to  puncturing,  although  there  exists  strong 
evidence  that  this  failure  was  preceded  by  the  cracking  of  the 
petticoats,  through  no  apparent  cause.  In  most  cases  when 
puncturing  takes  place,  it  affects  all  sections  of  the  insulators, 
with  the  curious  but  nevertheless  logical  residt  that  holes  are 
biuTied  through  the  insulator  cap  opposite  the  point  of  pimcture 
in  the  porcelain  and  fusing  the  metal  surrounding  it.  The 
size  of  the  hole  in  the  cap  depends  to  a  great  extent  upon  the 
time  setting  of  the  circuit  breakers  at  the  power  station.  If  the 
circuit  breakers  trip  out  instantaneously  after  puncture  has  occur- 
red, there  may  be  no  burning  of  the  cap  whatsoever.  On  the  other 
hand,  if  the  circuit  breaker  holds  on  for  three  or  four  seconds  or 
even  longer,  the  current  to  ground,  which  is  limited  through  a 
resistance  of  large  heat  capacity  connected  between  the  neutral 
point  of  the  transformers  and  ground,  fuses  the  porcelain  and 
adjacent  metal  parts.     In  one  of  these  cases,  where  the  holes 
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through  the  caps  were  quite  large,  the  circuit  breaker  did  not  trip 
out  at  all  and  one  of  the  insulator  sections,  under  the  excessive 
heating  action  of  the  current  to  ground,  finally  came  apart,  thus 
automatically  interrupting  the  circuit. 

It  is  a  rather  difficult  matter  to  determine  the  primary  source 
of  these  failures.  It  may  be  due  to  cracks  in  one  or  two  of  the 
sections,  which  naturally  tend  to  lower  greatly  the  total  insulating 
capacity  of  the  insulator.  If  then,  during  a  lightning  storm,  or 
during  switching,  surges  are  set  up  in  the  line,  the  weakened 
insulator  becomes  punctiu-ed  as  a  direct  result  of  any  discharge 
occiuring  in  the  vicinity  along  the  line.  Considering  the  large 
capacity  involved  in  the  system  and  the  power  back  of  the  trans- 
formers, this  localized  discharge  in  the  insulator  may  immediately 
set  up  powerftd  commotions  and  oscillations  which  may  affect 
the  adjacent  insulator  and  finally  punctiu-e  one  after  the  other  in 
rapid  succession. 

The  cracks  inside  the  insulator  cap  and  also  the  falling  apart 
of  the  insulator  sections  with  no  apparent  cause  may  have 
been  due  to  fatdty  insidators  having  accidentally  passed 
inspection,  or  it  may  have  been  brought  about  by  the  sub- 
sequent expansion  which  takes  place  in  the  cement  within  the 
cap  and  around  the  pin.  This  cracking  of  the  cemented  insulator 
has  been  experienced  in  Germany,  as  mentioned  elsewhere  in 
this  paper,  although  in  these  cases  the  insulators  in  question  were 
pin  insulators  only.  It  is  almost  impossible  to  determine  whether 
the  cracking  of  the  porcelain  within  the  cap  is  actually  due  to 
the  uneven  expansion  of  the  porcelain,  cement,  or  metal  cap 
imder  temperature  changes,  or  whether  they  were  a  result  of  the 
puncturing  of  the  insulators.  The  inspection  of  some  140,000 
sections  of  instdators  was  a  task  requiring  much  endurance,  and 
although  the  work  was  carried  out  with  great  conscientiousness, 
it  is  quite  possible  that  a  few  sections  with  a  weakness  in  the 
porcelain  cap  which  would  not  be  detected  by  the  ordinary 
routine  test,  may  have  passed  by.  There  is  also  to  be  considered 
the  theory  of  electrical  and  mechanical  fatigue  in  the  porcelain 
and  cement  respectively,  which  has  already  been  discussed  by 
several  authorities.  There  seems  to  be  no  doubt  that  some  such 
effect  takes  place,  but  the  data  which  have  been  collected  so  far 
on  the  subject  are  not  sufficient  to  permit  of  definite  conclusions 
being  drawn.  To  be  able  to  insure  absolutely  continuous  service 
over  any  transmission  system  may  necessitate  the  sectionalizing 
of  the  line,  where  each  section  can  be  periodically  tested  at  much 
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higher  voltage,  or  else  it  may  be  necessary  to  remove  the  insulators 
in  batches  and  test  them  individually,  as  has  already  been  done 
by  one  of  the  large  operating  companies. 

At  the  present  time  there  appears  to  be  a  rather  unwarranted 
competition  by  the  different  manufacturers  and  operating  com- 
panies to  use  excessively  high  voltages.  There  is  a  system  already 
in  operation  at  145,000  volts  and  quite  recently  another  company 
has  contemplated  the  use  of  180,000  volts.  In  view  of  the  fact 
that  operation  at  110,000  volts  has  not  yet  reached  a  stage  of 
maturity,  and  the  fact  that  phenomena  which  were  not  antici- 
pated, occur  on  such  lines,  and  which,  even  now,  are  far  from 
being  fully  understood,  considerable  caution  should  be  displayed 
before  attempting  the  use  of  still  higher  voltages.  A  few  years 
ago  the  suspension  type  of  insulator  was  heralded  as  the  solution 
for  line  insulation  up  to  any  voltage  at  which  it  would  be  practi- 
cable to  operate  for  many  years  to  come.  The  factor  limiting 
the  use  of  high  voltages  so  far  as  the  line  was  concerned  was  then 
considered  to  be  the  effect  of  corona  and  leakage  into  the  atmos- 
phere. But  from  past  experience  it  is  almost  certain  that  these 
views  will  need  revision  and  that  a  systematic  and  thorough 
study  of  the  properties  of  insulators  is  urgently  required. 

Examples  of  the  rather  uncertain  conditions  manifesting  them- 
selves in  a  high- voltage  power  transmission  system  are  mainly 
the  behavior  of  oil  circuit  breakers  when  large  amounts  of  power 
have  to  be  handled,  the  lightning  arrester  problem,  and  even  the 
high-tension  transformers.  Most  all  of  this  apparatus,  as  will 
be  admitted  by  the  manufacturing  companies,  is  yet  in  the  stage 
of  development,  and  it  is  very  gratifying  to  see  that  a  large 
amount  of  study  is  being  devoted  at  the  present  time  to  render- 
ing these  devices  more  reliable  in  service. 

The  above  criticism  should  not  be  taken  as  an  indication  of 
extreme  conservatism  or  as  tending  to  block  the  way  to  progress, 
but  under  the  prevailing  conditions,  it  is  almost  imperative  that 
a  word  of  caution  should  be  spoken  to  prevent  the  somewhat 
extravagant  use  of  the  higher  voltages  when  the  use  of  lower 
voltages  would  answer  the  purpose  equally  well,  and  especially 
when  the  difficulties  which  are  encoimtered  with  these  extreme 
voltages  may  endanger  the  financial  prospects  of  a  particular 
power  proposition. 

I  cannot  close  this  paper  without  mentioning  the  Ontario 
Power  Company  at  Niagara  Falls,  in  whose  plant  these  tests 
were  made.     The  president  of  the  company,  Mr.  J.  J.  Albright, 
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and  vice-president,  General  F.  V.  Greene,  and  their  engineer 
in  charge,  Mr.  V.  G.  Converse,  have  given  their  heartiest  support 
and  assistance  to  the  furtherance  of  this  work  in  gratuitously 
supplying  all  necessary  testing  equipment,  power  and  the  help 
of  their  personnel  for  these  tests.  I  welcome  this  opportunity 
to  personally  and  publicly  thank  these  gentlemen  for  the  interest 
they  have  taken  in  this  work,  for  their  generous  help  and  friendly 
cooperation. 
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Discussion  on  *'  High-Frequency  Tests  of  Line  Insulators" 
(Imlay  and  Thomas),  and  "  Comparative  Tests  on 
High-Tension  Suspension  Insulators  '*  (Sothman),  New 
York,  December  13,  1912. 

Ralph  D.  Mershon:  There  are  a  number  of  things  in  connec- 
tion with  the  paper  by  Messrs.  Imlay  and  Thomas  that  are  not 
clear  to  me,  and  which  I  would  like  to  have  Mr.  Thomas  elucidate. 
For  instance,  in  Fig.  3  of  their  paper  there  is  shown  a  metal  band 
around  the  insulator,  and  it  is  said  that  the  effect  of  that  metal 
band  is  equivalent  to  increasing  the  diameter  of  the  pin.  That  is 
not  quite  clear,  neither  is  it  quite  clear  that  putting  a  cap  on  the 
insulator  is  equivalent  to  reducing  the  diameter  of  the  pin,  the 
opposite  effect  of  the  band. 

As  to  the  change  in  voltage  distribution  over  an  insulator 
with  change  of  frequency,  I  think  there  is  no  doubt  about  that, 
both  from  theoretical  considerations  and  from  measurements  in 
connection  with  some  high-voltage  tests  made  at  Niagara  on 
which  I  reported  to  the  Institute  some  time  ago.  These  measure- 
ments were  of  the  losses  on  insulators.  The  losses  varied  with 
the  frequency.  Inasmuch  as  other  measurements  made  at  that 
time  indicated  there  was  little,  if  any,  loss  in  the  porcelain  of  the 
insulator,  it  appeared  that  the  losses  measured  were  mainly  con- 
fined to  the  surface  of  the  insulator.  And  the  only  acceptable 
explanation  for  the  variation  of  these  losses  with  frequency  was, 
that  as  the  charging  current  of  the  insulator  changed  with  the 
different  frequencies,  the  amount  of  charging  current  that  had  to 
flow  over  the  surface  changed,  resulting  in  the  change  in  the 
values  of  the  losses.  That  change  in  loss  would  indicate  a  change 
in  distribution  similar  to  the  one  of  which  Mr.  Thomas  speaks, 
because  change  of  loss,  due  to  a  change  of  charging  cturent, 
means  a  change  in  the  voltage  absorbed  on  those  parts  of  the 
surface  over  which  the  current  has  to  flow  in  order  to  charge 
other  portions  of  surface. 

There  can  be  little  question  in  the  mind  of  any  one  who  has  to 
do  with  transmission  lines  that  the  main  point  brought  out  in 
this  paper  is  correct;  namely,  that  the  behavior  of  insulators 
under  high  frequency  is  not  the  same  as  their  behavior  under 
commercial  frequencies.  Again  and  again  insulators  are  punc- 
tured in  service,  which  imder  test  at  commercial  frequencies 
would  flash  over  rather  than  puncture.  This  happens  with 
wooden  as  well  as  metal  pins,  although  it  happens  more  fre- 
quently with  metal  pins.  But  you  do  not  have  to  go  to  insulators 
to  see  there  is  a  difference  between  action  of  high  and  low  fre- 
quencies. You  have  seen  a  dry  transmission  line  pole  struck 
by  lightning  and  shattered.  Instead  of  taking  the  perfectly  easy 
path  through  the  air  alongside  the  pole,  the  lightning  preferred 
to  go  through  the  pole  and  smash  it  to  pieces.  I  could  under- 
stand how  the  lightning  might  choose  a  green  tree  with  the  sap 
in  it,  rather  than  the  air  alongside  of  it,  but  it  is  difficult  to  under- 
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Stand  why  it  should  prefer  to  go  through  a  dry  pole,  which  we 
have  reason  to  believe  would,  if  tested  at  commercial  frequencies, 
flash  over  before  it  would  pass  any  serious  amount  of  current. 

High-frequency  tests  should  be  continued  further,  and  the 
endeavor  should  be  made,  when  more  knowledge  as  to  these 
phenomena  has  been  obtained,  to  connect  up  the  effect  of  high- 
frequency  tests  with  the  results  of  tests  at  commercial  frequencies. 
In  other  words,  the  endeavor  should  be  made  to  determine  what 
tests  at  commercial  frequencies  (either  as  to  voltage  or  time,  or 
both)  would  constitute  an  equivalent  of  high-frequency  tests, 
so  that  tests  can  be  made  imder  ordinarily  available  conditions, 
equivalent  to  tests  at  high  frequency. 

In  Mr.  Sothman's  paper  rather  imduc  emphasis  seems  to  be 
laid  upon  factors  of  safety  relative  to  the  line  voltage.  It  would 
seem  that  our  experience,  extending  over  a  number  of  years, 
has  shown  that  the  problem  of  insulating  a  transmission  line  is 
not  so  much  a  problem  of  insulating  it  against  the  line  voltage — 
that  is  comparatively  easy — but  the  problem  of  insulating  or 
protecting  it  against  lightning  or  lightning  effects. 

On  the  last  page  of  his  paper  Mr.  Sothman  has  spoken  in  a 
rather  discouraged  way  in  regard  to  higher  voltages.  Now,  while 
I  agree  with  him  that  in  some  cases  it  would  seem  that  higher 
voltages  have  been  adopted  than  were  justifiable,  I  think  them 
unjustifiable  on  the  score  of  economics  rather  than  on  the  score 
of  difficulties  to  be  met  with  in  operation.  There  is  no  particular 
reason  to  believe  that  the  percentage  of  electrical  troubles  will 
be  any  greater  with  higher  voltages,  requiring  an  increased 
ntimber  of  imits  in  the  suspension  insulator,  than  there  are  now, 
though  I  can  see  some  chance  for  a  considerable  increase  in 
mechanical  troubles. 

There  is  one  other  point  I  desire  to  take  up  that  bears  on  both 
these  papers,  and  on  other  work  that  has  been  done  and  papers 
that  have  been  read  before  the  Institute  in  regard  to  suspension 
insulators. 

The  term  *'  string  efficiency  "  has  been  used,  presumably  as 
being  indicative  of  the  way  in  which  the  impressed  voltage  distri- 
butes itself  over  a  string  of  insulators.  As  I  understand  that, 
it  is  the  ratio  between  the  voltage  required  to  flash  over  a  string 
of  n  units  and  n  times  the  flash-over  voltage  of  one  unit.  In  the 
first  place  I  protest  against  the  term  '*  efficiency  ''  as  applied  to  an 
insulator.  In  engineering  work  the  term  efficiency  is  used  to 
designate  the  ratio  of  output  to  input.  It  cannot,  though,  be 
properly  applied  to  an  insulator.  Some  such  term  as  **  string 
ratio  "  woiild  be  better,  and  would  fit  the  case,  and  with  your 
permission  I  will  use  it. 

The  term  **  string  ratio  "  is  not  necessarily  indicative  of  the 
distribution  of  voltage  over  a  suspension  insulator.  It  would 
appear  that  in  the  adoption  and  use  of  this  ratio  as  an  indication 
of  the  voltage  distribution,  a  point  has  been  overlooked  that  is 
of  considerable  importance,  especially  where  the  suspension  in- 


1912] 


DISCUSSION  ATINEW   YORK 


2171 


sulator  is  made  up  of  units  closely  spaced.  What  I  have  in  mind 
will  appear  from  what  follows. 

In  order  to  simplify  the  discussion  consider  the  very  elementary 
form  of  insulating  imit  shown  in  Figs.  1  and  2,  consisting  of  an 
insulating  disk  on  each  side  of  which  is  a  metal  hub  representing 
the  metal  parts  of  the  insulating  unit  usually  employed.  Also, 
for  the  sake  of  simplicity,  assume  that  the  flash-over  value  of  any 
given  distance  is  directly  proportional  to  that  distance.  This, 
as  we  all  know,  is  not  strictly  true,  so  that  the  following  discus- 
sion will  be  in  error  quantitatively,  to  the  extent  that  this  asstunp- 
tion  is  wrong,  although,  as  you  will  see,  the  assumption  does  not 
affect  the  discussion  qualitatively,  and  does  not  therefore  intro- 
duce any  error  in  the  general  conclusion  arrived  at. 

In  the  figures  the  upper  and  lower  surfaces  of  the  units  are 
designated  by  a  and  6,  respectively.  Let  a  and  b  also  stand  for 
such  numerical  values  as  will  represent  the  flash-over  values  of 
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these  surfaces.  Then  the  flash-over  value  of  one  of  the  units, 
say  No.  1  of  either  of  the  figures,  will,  when  tested  singly,  be 
fli  +  bi.  Let  c,  the  distance  between  the  edges  of  the  disks,  be 
such  that  its  flashing  value  is  c. 

Suppose  a  direct  current  voltage  be  impressed  upon  the  two 
insulating  imits  of  Fig.  1,  the  value  of  the  voltage  being  just  under 
that  at  which  the  insulator  will  flash  over.  There  will  be  a  leak- 
age over  the  surface  of  the  units,  and  as  the  result  of  it  the  volt- 
age impressed  will  distribute  itself  between  the  two  imits  1  and  2. 

Now  if  the  flashing  value  of  c,  the  spacing  of  the  insulator  units, 
exceeds  the  value  of  61  +  02  the  tendency  will  be  for  the  current 
to  flash  around  from  metal  to  metal  of  each  individual  unit, 
making  use  of  the  metal  connection  between  the  units  in  traveling 
from  one  unit  to  the  other,  instead  of  flashing  aroimd  the  whole 
string  of  imits  from  the  metal  of  the  upper  one  to  the  metal  of 
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the  bottom  one.  Under  this  condition  the  actual  distribution  of 
voltage  over  the  insulator  will  be  uniform,  and  the  string  ratio  of 
the  insulator  will  be  unity.  So,  also,  will  the  distribution  of  the 
voltage  be  imiform  and  the  string  ratio  unity  if  the  value  of  c  is 
just  equal  to  61  +  ^2;  ie.  if  the  flash-over  is  just  as  likely  to  occur 
arovmd  individual  units  as  it  is  over  the  combination.  In  both 
these  cases,  therefore,  the  indication  of  the  string  ratio  agrees 
with  the  actual  condition. 

If  the  flashing  value  of  c  be  less  than  that  of  61  +  Oj  the 
tendency  will  be  for  the  current  to  flash  through  the  path 
ai  +  c  +  62,  and  if  the  impressed  voltage  be  of  a  value  just  under 
the  flash-over  the  impressed  voltage  will  be  distributed  over  the 
distance  ai  +  c  +  b^.  Let  us  assimie  that  c  is  of  a  sufficiently 
low  value  so  that  the  latter  condition  holds.  Then  the  string 
ratio  of  the  insulator  will  be 

^  ^     ai+c+b2 


2  (ai  +  bO 
Or,  since  in  exactly  similar  units  bi  and  62  will  be  identical, 

1  r 


2    '   2  (a,  +  bi) 


Or,  more  generally, 


Similarly,  for  three  units,  as  in  Fig.  2,  the  string  ratio  is: 
ai  +  c  +  c  +  bi^]^  2  c  1.  2c 


^ 


^       "  3  (ci  '+biy         3  "^  3  (a,  +  ft,)      3  ■'■  3  (a  +  6) 
And  for  n  units  the  string  ratio  is 

R=    ±-   +     (^.-V  (2) 

n  n  (a  +  b) 

Now  let  us  examine  equation  (1)  applying  to  Fig.  1.  We  see 
from  the  last  term  that  if  c  is  equal  to  (a  +  b)  the  value  of  R  is 
imity,  which  agrees  with  what  has  just  been  stated.  If  c  is  less 
than  (a  +  b)  the  value  of  R  is  less  than  unity.  But  suppose  the 
vMues  of  a  and  b  were  exactly  identical,  as  would  be  the  case  if  the 
upper  and  lower  surfaces  were  exactly  similar  and  in  exactly  the 
same  condition.  Then,  in  that  case,  the  distribution  over  the  com- 
plete insulator  when  subjected  to  a  direct-current  voltage  must 
of  necessity  be  uniform,  because  the  leakage  over  the  insulator  will 
equalize  the  voltage  over  it  and  cause  each  unit  to  take  up  its 
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share  of  the  voltage.  It  follows,  therefore,  that  in  this  case  the 
string  ratio  is  no  criterion  of  the  distribution  of  voltage  over  the 
suspension  insulator,  because  if  c  is  less  than  (a  +  b)  the  string 
ratio  will  be  less  than  unity,  and  therefore  indicate  a  non-uniform 
distribution;  whereas,  as  a  matter  of  fact,  no  matter  what  the 
value  of  c  may  be.  the  distribution  will  be  uniform. 

Let  us  examine  the  case  of  Fig.2.  As  previously  stated  for  Fig.  1, 
if  c  has  a  value  sufficiently  high,  the  string  ratio  of  the  insulator 
will  be  unity  because  the  individual  units  will  always  flash  around; 
and,  also,  if  c  has  a  value  just  equal  to  the  flash-around  value  of  a 
single  unit,  the  string  ratio  will  be  unity.  But  if  c  has  a  value  less 
than  the  flash-over  value  of  one  unit  so  that  the  voltage  will  flash 
over  the  insulator  by  way  of  the  path  ai  +  c  +  c  +  bz,  instead  of 
around  the  individual  units,  then  the  distribution  over  the  insula- 
tor will  not  be  uniform.  Instead,  each  of  the  intermediate  units 
will  have  impressed  upon  it  the  voltage  t:,  while  the  upper  and  lower 
units  will  each  have  impressed  upon  it  some  voltage  higher  than  c. 
This  is  due  to  the  fact  that  in  the  case  of  the  upper  unit,  for  in- 
stance, the  voltage  upon  it  will  be  equal  toai,  plus  that  propor- 
tion of  c  received  by  the  surface  bi.  That  is  to  say,  the  voltage 
impressed  on  the  upper  unit  will  be 

Ol  +  fl2 

and  the  voltaic  impressed  on  the  lower  unit  will  be 

02  +  as 
The  middle  unit  will  have  impressed  upon  it  a  voltage 

(h  ,       62 

c  + 


^1  +  an         bi  +  az 

which,  (since  the  insulators  are  all  similar,  and  therefore  the  a 
surfaces  all  identical  and  equivalent,  and  the  b  siu^aces  all 
identical  and  equivalent)  reduces  to  the  value  of  c,  as  previously 
stated.  It  is  evident  from  this  that  if  another  unit  be  introduced 
into  Fig.  2,  making  four  units  in  all,  and  the  impressed  voltage 
raised  accordingly,  the  voltage  on  each  of  the  end  units  will  be 
the  same  as  before,  and  the  two  intermediate  units  will  be  sub- 
jected to  the  voltage  c.  It  is  evident  also  that  any  number  of  units 
thus  introduced  will  lead  to  a  similar  result.  That  is  to  say,  the 
two  end  units  will  each  be  subjected  to  a  higher  voltage  than  each 
of  the  intermediate  units;  and  the  voltages  on  each  of  the  inter- 
mediate units  will  be  uniformly  the  same.  But  on  referring  to 
equation  (2)  we  sec  that  as  n  is  indefinitely  increased,  R  ap- 
proaches the  value 

a  +  b 
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In  other  words,  the  value  of  R  would  continually  change,  ap- 

proaching  more  and  more  closely  to  the  value  — -j-j-  which,  if 

the  units  were  closely  spaced,  would  be  a  small  value,  perhaps  as 
low  as  iZ  =  0.5,  indicating  a  very  bad  distribution.  Whereas, 
as  a  matter  of  fact,  the  actual  distribution  would  not  change  at 
all,  and  might  not  be  anything  like  as  bad  as  indicated  by  this 
ratio.  As  a  matter  of  fact,  as  previously  explained,  with  the 
exception  of  the  two  end  units,  all  the  units  of  the  system  would 
each  have  impressed  upon  it  the  same  voltage  (the  voltage  cor- 
responding to  the  distance  c),  while  the  end  units  would  have  im- 
pressed upon  them  somewhat  higher  voltages. 

We  have  assumed  so  far  that  the  flashing  values  of  the  upper 
and  lower  surfaces,  a  and  6,  of  the  insulator  are  not  widely 
different. 

Suppose,  however,  that  the  upper  or  a  surfaces  of  all  the  units 
were  wet  and  the  lower  or  b  surfaces  all  dry,  as  might  be  the  case 
in  a  rain  storm.  Then,  as  will  be  apparent  on  following  the  thing 
out,  imit  No.  1  of  the  string  will  receive  less  voltage  than  each 
intermediate  imit,  and  the  last  imit  of  the  string  will  receive 
more.  It  would  appear,  therefore,  that  even  in  the  case  of  direct 
current  one  or  both  (depending  on  whether  or  not  the  upper 
surfaces  are  wet)  of  the  end  units  will  receive  more  voltage 
than  will  the  intermediate  unitsj  if  the  spacing  c  is  such  as  to 
have  a  flash-over  value  less  than  the  flash-over  value  of  a  single 
unit. 

It  would  appear  from  the  above  considerations,  therefore,  that 
the  string  ratio  may  or  may  not  be  indicative  of  the  distribution 
of  voltage  over  a  series  of  insulating  units.  If  the  spacing  of  the 
units  is  such  that  the  flash-over  value  of  the  spacing  distance  c 
is  equal  to  or  greater  than  that  of  a  single  unit,  the  string  ratio 
will  be  indicative  of  the  voltage  distribution  over  the  string. 
But  if  the  spacing  of  the  units  is  such  that  the  flash-over  value 
of  the  spacing  distance  is  less  than  that  of  a  single  unit,  the 
string  ratio  will  not  be  indicative  of  the  voltage  distribution 
over  the  string. 

Now  let  us  consider  the  conditions  with  alternating  current. 
With  alternating  current  we  are,  in  addition  to  the  above  con- 
siderations, concerned  with  the  question  of  capacity — the 
capacity  of  the  individual  units,  each  within  itself  (which  I  will 
refer  to  as  the  "  internal  capacity  '')  and  the  capacity  of  each 
unit  to  earth  (which  I  will  refer  to  as  the  "  external  capacity  "). 
So  long  as  we  consider  direct  current  only,  and  we  assume  that 
there  is  leakage  over  the  unit,  the  question  of  capacity  does  not 
enter,  because  the  leakage  will  ultimately  determine  the  distri- 
bution of  voltage  over  the  string.  When,  however,  we  come  to 
alternating  current  we  are  concerned  with  leakage,  internal 
capacity,  and  external  capacity.  Of  these  throe  elements,  leak- 
age and  internal  capacity  tend  towards  a  uniform  distribution, 
whereas  external  capacity  tends  toward  a  non-uniform  distri- 
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bution.  If  the  spacing  of  the  units  is  such  that  the  flash-over 
value  of  the  spacing  distance  c  is  greater  than  that  of  a  single 
unit,  then  the  string  ratio  will  be  a  measure  of  the  unequal  dis- 
tribution of  voltage  due  to  the  effect  of  external  capacity.  But 
if  the  spacing  of  the  units  is  such  that  the  flash-over  value  of  the 
spacing  distance  c  is  less  than  that  of  a  single  unit,  then  the 
string  ratio  will  be  indicative  of  a  distribution  which  is  the  result 
of  the  combined  effect  of  external  capacity  and  the  end  unit 
effect  discussed  above  for  direct  current. 

That  this  is  true  will  be  apparent  on  examining  some  of  the 
curves  obtained  on  suspension  insulators  in  which  the  number  of 
units  is  plotted  against  the  flash-over  voltages.  Not  infrequently 
we  have  the  following  condition.  With  the  units  all  dry,  the  ciu^ve 
is  one  having  a  bend  in  it,  showing  that  added  units  are  of  less 
and  less  value.  If,  however,  the  insulator  be  subjected  to  a  spray 
of  water  and  another  curve  plotted,  the  curve  will  be  practically 
a  straight  line.  This  straight  line  will  not,  however,  if  extended, 
pass  through  zero,  but  will  cut  the  axis  of  voltage  at  a  certain 
value.  If  now  the  spray  be  increased  sufficiently  and  another 
curve  taken,this  third  curve  will  be  a  straight  line  passing  through 
zero.  The  reason  for  this  condition  is  that  the  spray  imder  which 
the  second  ciu^ve  is  obtained  introduces  enough  leakage  to  mask, 
and  practically  do  away  with,  the  effect  of  the  external -capacity, 
thus  producing  a  practically  uniform  distribution  over  all  but  the 
end  units.  The  fact  that  the  second  curve  when  extended  cuts  the 
voltage  axis  instead  of  passing  through  zero  is  evidence  of  the  exist- 
ence of  the  end  unit  effect  discussed  above  for  direct  current. 
That  is,  it  is  evidence  that  the  distribution  of  voltage  is  sub- 
stantially uniform  over  all  of  the  units,  except  the  end  ones. 
When,  however,  the  spray  is  further  increased  so  that  the  flash- 
over  value  of  each  unit  has  been  reduced  so  much  that  it  is  less 
than  the  flash-over  value  of  the  spacing  distance  between  units, 
then  the  distribution  is  uniform  ov^er  all  the  units,  and  the  line 
passes  through  zero.  Curves  similar  to  those  described  above  will 
be  found  in  Fig.  2  of  the  paper*  bv  Mr.  Peek  read  before  the 
Institute  May  17,  1912. 

It  would  seem,  therefore,  that  in  considering  the  voltage  distri- 
bution over  a  string  of  insulating  units,  the  end  unit  condition  pre- 
viously discussed  with  reference  to  direct  current  must  be  taken 
into  consideration,  especially  if  the  insulating  units  are  placed  close 
together.  It  is  even  more  important  when  one  comes  to  consider 
an  insulator  with  more  than  one  petticoat,  because  in  this  case 
the  two  or  more  petticoats  give  a  result  very  similar  to  that  of 
insulating  units  very  closely  spaced. 

I  believe,  however,  that  the  matter  of  string  ratio  and  voltage 
distribution  over  the  string  is  of  a  great  deal  less  importance  than 
that  of  the  relation  between  the  dry  flash-over  value  and  the 
puncture  value  of  the  unit.     As  previously  stated,  the  problem 

^Electrical  Characteristics  of  the  Suspension  Insulator,  Transactions 
A.  I.  K.  E.,  1912.  XXXT.  Part  1,  page  911. 
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of  insulating  the  line  against  the  voltage  of  the  line  is  a  compara- 
tively easy  one.  The  diflScult  part  is  to  insulate  the  line  against 
lightning.  It  is  easy  enough  to  put  enough  insulating  imits 
together  to  hold  the  voltage  of  the  line.  It  is  not  so  easy  to  get 
insulating  units  of  such  characteristics  as  will  insure  that  there 
will  always  be  a  flash-over  rather  than  a  puncture.  And  while  it 
is  desirable  to  have  as  good  voltage  distribution  as  possible,  I 
consider  voltage  distribution  entirely  secondary  in  importance  to 
a  high  pimcture  value  of  the  units  relative  to  the  dry  flash-over 
value  of  the  imit.  In  this  connection  it  is  well  to  remember  that 
a  good  voltage  distribution  with  commercial  frequencies  does  not 
necessarily  mean  a  good  one  with  frequencies  equivalent  to  light- 
ning, and  that  therefore  the  endeavor  for  a  good  voltage  distri- 
bution at  commercial  frequencies  is,  beyond  a  certain  point,  a 
waste  of  time  which  might  be  much  better  devoted  to  the  en- 
deavor to  increase  the  ratio  of  pimcture  value  to  flash-over  value 
of  the  individual  units. 

Paul  M.  Lincoln:  Some  of  the  deductions  made  by  Messrs. 
Imlay  and  Thomas  from  the  facts  presented  in  their  paper  are 
deductions  with  which  I  cannot  agree.  In  the  first  place,  they 
use  throughout  this  whole  discussion  the  term  "  high-frequency 
tests."  Now,  they  may  be  high-frequency  tests  or  they  may  not 
be.  There  is  not  one  iota  of  proof  that  the  tests  which  they  have 
described  really  do  produce  high  frequency  upon  the  insulator. 
The  fact,  if  it  is  a  fact,  that  high  frequency  exists  on  that  insula- 
tor, is  one  that  must  be  deduced  entirely  by  inference.  When  a 
condenser  discharges  through  a  given  circuit,  if  proper  assump- 
tions are  made,  one  may  infer  that  the  discharge  is  alternating 
and  of  high  frequency.  Whether  it  is  high  frequency  and  alterna- 
ting, or  not,  depends  upon  the  amount  of  energy  stored  in  the 
condenser  as  related  to  the  rate  at  which  this  energy  is  dissipated 
once  the  discharge  starts.  It  is  my  idea  that  if  the  discharge  is 
alternating,  the  rate  of  decadence  is  so  great  that  it  is  questionable 
whether  the  actual  discharge  is  governed  by  the  laws  which 
govern  alternating  currents.  When  the  rate  of  decadence  is  high, 
it  requires  only  a  relatively  small  number  of  alternations  before 
the  value  of  the  voltage  has  dropped  practically  to  zero. 

It  is  admitted,  however,  that  the  method  of  testing  as  described 
in  this  paper  does  produce  an  exceedingly  sudden  application  of 
voltage  to  the  insulator,  and  one  that  exists  for  a  very  brief  length 
of  time.  I  believe  it  is  due  to  the  fact  that  the  voltage  exists 
on  the  insulator  for  such  a  very  brief  period  of  time,  that  we  find 
the  unexpected  results  which  have  been  described  by  the  authors. 

There  is  one  thing  which  has  been  omitted  by  the  authors, 
and  that  is  a  minute  description  of  just  how  the  voltage  is  applied. 
The  authors  state  that  the  "  application  "  exists  for  a  period  of 
one  to  two  seconds,  but  there  is  no  way  of  telling  how  many 
shocks  the  insulator  receives  during  a  single  *'  application.'*  It 
may  receive  one  shock  every  alternation,  in  which  event  there 
will  be  some  200  or  300  shocks  per  application,  or  it  may  be  that 
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there  is  a  shock  only  every  tenth  alternation,  or  some  such  matter, 
or  it  may  be  that  there  is  a  shock  on  the  insulator  a  good  many 
times  per  alternation.  It  would  be  interesting  if  we  could  have 
some  data  to  settle  this  question. 

The  authors  have  submitted  some  "  speculations,"  as  Mr. 
Thomas  has  called  them,  by  which  they  attempt  to  explain  the 
results  of  the  tests.  They  assume  that  in  an  insulator  the  distri- 
bution of  voltage  across  its  parts  is  determined  by  the  fact  that 
there  is  a  resistance  in  series  with  a  capacity,  and  that  the  very 
high  frequency  to  which  the  insulator  is  subjected  during  the 
tests  gives  an  entirely  different  distribution  of  potential  over  the 
insulator  from  what  takes  place  when  a  frequency  of  60  cycles 
is  used.  I  have  my  doubts  as  to  whether  an  analysis  will  show 
much  weight  to  this  contention.  Suppose  we  have  an  insulator 
to  which  we  apply  a  voltage.  The  voltage  is  brought  by  metallic 
conductors  up  to  the  material  of  the  insulator  itself.  (Fig.  3). 
This  voltage  appearing  on  the  metallic  parts  of  the  insulator 
causes  a  current  to  flow.  This  current  will  flow,  due  to  two  causes, 
first,  because  there  is  a  capacity  present,  and  consequently  there 
will  be  a  capacity  current  flowing  through  the  insulator,  and 
second,  because  the  insulator  is  not  a  perfect  insulator,  but  is 
to  a  slight  extent  a  resistance,  and  con- 
sequently the  voltage  which  appears  ^^^T  J 
will  cause  current  to  flow  through  -*tfss^|^aaaaa.  p 
that  resistance.  It  is  apparent  that 
these  two  paths  are  not  in  series,  but 
in  parallel,  so  that  any  deductions 
which  the  authors  make  on  the  basis  Fig.  3 
that  the  paths  are  in  series  will  not 

apply.  It  is  perfectly  true  that  the  current  which  flows  through 
the  capacity  has  a  90-degree  lead  over  that  which  flows 
through  the  resistance,  but  I  do  not  see  that  that  has  any  par- 
ticular bearing  upon  the  case. 

The  tables  given  in  the  fourth,  fifth  and  sixth  pages  of  the 
paper  by  Messrs.  Imlay  and  Thomas  indicate  that  these  so-called 
high-frequency  tests  were  made  with  a  transformer  voltage  which 
ranged  between  300,000  and  350,000.  Furthermore,  the  test  on 
insulator  '*  No.  1"  indicated  that  the  solid  part  of  that  insulator 
would  break  down  at  a  voltage  somewhere  around  200,000.  They 
could  not  obtain  a  breakdown  on  No.  2  insulator,  since  it  flashed 
over  under  oil,  before  breaking  down,  but  it  is  fair  to  suppose  that 
the  solid  dielectric  of  insulator  No.  2  would  break  down  at  some- 
where around  300,000  to  350,000  volts,  because  it  is  a  well-known 
fact  that  the  dielectric  strength  of  a  solid  dielectric  does  not  go 
up  in  proportion  to  its  thickness,  and  a  dielectric  two  inches  thick 
will  not  stand  twice  the  voltage  of  a  dielectric  one  inch  thick.  If 
the  No.  1  insulator  would  stand  200,000  volts,  it  is  fair  to  sup- 
pose that  the  No.  2  would  break  down  at  300,000  or  350,000. 

That  is  about  the  voltage  actually  in  the  transformer  during 
the  so-called  "  high-frequency  "  tests,  and  it  is  my  opinion  that 
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the  only  thing  which  is  observed  in  this  breaking  down  on  the 
**  high-frequency  **  test  is  simply  the  result  of  a  voltage  of  some- 
where arovmd  300,000  to  350,000  volts  applied  to  the  insulator, 
and  that  300,000  to  350,000  volts  is  what  breaks  down  the  solid 
dielectric  of  that  insulator.  You  may  ask  why  it  does  not  break 
down  the  air  path,  as  when  a  60-cycle  current  is  applied.  My 
answer,  as  suggested  early  in  my  discussion,  is  that  the  time  of 
application  is  so  short  that  the  air  does  not  have  time  to  break 
down.  Dielectrics  break  down  in  two  separate  and  distinct 
manners.  The  first  way  may  be  likened  to  the  breaking  down  of 
an  oak  plank  by  the  penetration  of  a  rifle  bullet.  That  is  the 
manner  in  which  all  solid  dielectrics  break  down,  and  in  which  the 
air  breaks  down  under  certain  conditions.  It  is  my  belief,  from 
certain  tests  which  I  have  seen  made,  that  the  breakdown  strength* 
of  air  from  the  "  rifle  bullet  *'  method  is  not  so  far  different  from 
that  of  solid  dielectrics  as  many  suppose.  Air,  however,  may 
break  down  in  another  way,  that  is,  by  ionization,  but  that  method 
requires  time.  It  does  not  act  instantaneously.  Ionization  occurs 
by  collision  and  is  necessarily  a  progressive  action,  and  it  requires 
a  certain  appreciable  amount  of  time  for  these  collisions  to  extend 
from  one  terminal  to  another.    Therefore,  if  the  voltage  is  applied 
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to  the  insulator  with  extreme  suddenness,  it  may  break  down  by 
the  "  rifle  bullet  '*  method  before  the  parallel  air  path  breaks 
down  by  ionization. 

I  think  the  statement  by  the  authors  that  during  the  "  high- 
frequency  '*  tests  not  more  than  100,000  volts  was  applied  to 
these  insulators,  as  indicated  by  the  air  gap,  fails  for  the  same 
reason.  It  requires  time  for  the  measuring  air  gap  to  break  down, 
and  even  if  the  air-gap  separation  indicates  only  100,000  volts, 
I  do  not  believe  it  follows  necessarily  that  there  was  a  pressure 
of  only  100,000  volts  present.  It  may  have  been  a  much  higher 
voltage. 

Another  point  which  should  be  explained  is  the  manner  of 
determining  the  frequency  of  the  attack  upon  these  insulators. 
As  I  understand  it,  there  is  a  condenser  {d  e,  Fig.  4)  connected 
in  series  with  an  air  gap,  c  b,  and  the  ()pi)osite  terminal  of  the  air 
gap  is  attached  to  the  insulator,  the  pin /of  which  is  attached  to 
the  other  side  of  the  condenser.  It  is  my  understanding  that  the 
million  cycles  per  second  which  the  authors  have  given  as  the 
approximate  frequency  of  the  voltage  applications  to  the  insula- 
tor, is  that  which  will  take  place  when  the  path  is  completed 
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through  the  insulator;  that  is,  the  frequency  is  that  determined 
by  the  condenser  d  e  discharg:ing  through  the  inductance  of  the 
circuit  d  c  b  a  f  e.  It  should  be  noted  that  the  current  cannot 
flow  through  this  path  until  the  breakdown  actually  occurs. 
Until  that  breakdown  occurs  the  frequency  is  determined  simply 
by  static  capacity  of  the  insulator  discharging  into  the  condenser 
d  e  through  the  path  abed.  In  this  case  the  frequency  will  be 
governed  by  this  static  capacity  of  the  insulator  and  the  induct- 
ance of  the  circuit  abed.  Since  the  static  capacity  of  the  insula- 
tor is  exceedingly  small  compared  to  that  of  the  condenser  de, 
the  theoretical  frequency  is  largely  increased.  Consequently, 
instead  of  a  million  cycles  per  second,  we  may  have  a  theoretical 
frequency  of  many  times  that,  possibly  a  factor  of  one  hundred 
to  one  thousand.  It  is  evident,  therefore,  that  the  diu-ation  of 
time  of  strain  upon  that  insulator  is  exceedingly  short,  and, 
according  to  my  conception,  this  does  not  give  time  for  the  air 
to  ionize  between  terminals. 

I  agree  with  the  conclusion  of  the  authors  that  their  tests  have 
opened  an  exceedingly  interesting  line  of  investigation,  and  one 
which  certainly  ought  to  be  followed  up. 

F.  W.  Peek,  Jr.:  The  term  *'  line  insulator  "  is  rather  a  mis- 
nomer. The  real  line  insulation  is  the  air  in  which  the  conductors 
are  immersed.  At  present  the  *'  line  insulator  **  is,  at  best,  an 
electrically  weak  point  which  must  be  used  for  mechanically 
supporting  the  conductors.  Fortunately,  however,  although 
the  properties  of  the  air  cannot  be  changed,  and  a  uniform 
gradient  distribution  not  even  approximated  on  the  conductors 
in  the  air,  the  stresses  can  be  very  nearly  balanced  in  the  insulator 
by  proper  design  or  a  proper  understanding  of  the  dielectric  circuit. 
The  development  of  the  high- voltage  insulator  has  been  extremely 
rapid ,  and  it  was  at  first  an  overgrown  telegraph  insulator.  When 
the  voltage  was  doubled,  the  insulation  thickness  was  doubled. 
By  this  method  of  design  an  insulator  may  be  actually  weakened 
by  the  addition  of  perfectly  good  porcelain.  The  configuration 
of  the  parts  is  generally  of  as  great  importance  as  the  quality 
of  material  entering  into  the  parts.  In  general,  that  insulator 
would  be  best  in  which,  when  under  voltage,  the  gradients  were 
in  all  parts,  internal  and  external  or  surface,  in  proportion  to  the 
strength  of  the  parts;  that  is,  everywhere  equal,  in  a  one- 
material  insulator.  The  greatest  advance  in  high-voltage  in- 
sulators was  the  suspension  insulator  invented  by  Hewlett. 

Energy  is  necessary  to  smash  insulators  and  to  destroy  insula- 
tion. The  reason  for  the  suddenly  magnified  importance  of 
phenomena  once  negligible  is  increased  energy.  The  energy 
stored  in  the  dielectric  is 

CO  = 

2 

Thus  stored  energy  increases  as  the  square  of  the  voltage. 
It  is  the  transfer  of  this  energy  from  one  form  to  another,  di- 
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electric  to  magnetic,  that  causes  excessive  voltage  rises,  etc.  In- 
cidentally, this  is.  a  good  argument  against  the  interconnection 
on  the  high-voltage  side  of  several  parallel  transmission  lines  from 
the  same  station,  as  such  interconnection  not  only  transfers  high- 
frequency  insulator  discharges  from  one  line  to  the  others,  but 
also  requires  high-tension  switching,  which  is  in»  itself  a  soiu^ce  of 
trouble. 

The  subject  of  insulator  design  and  testing  is  of  the  utmost 
importance,  as  a  single  broken  insulator  may  eat  up  the  profits 
of  an  investment  by  causing  thousands  of  dollars*  damage  to 
other  apparatus. 

In  a  paper  presented  on  May  17, 1912,  at  Schenectady,  on  Elec- 
trical  Characteristics  of  the  Suspension  Insulator^  I  made  the  fol- 
lowing statement:*  "  Hence,  it  seems  that  the  arc-over  (voltage) 
would  not  always  indicate  the  best  insulators  for  all  conditions 
of  service.  As,  for  instance,  with  surge,  sudden  impulse,  lightning, 
or  transient  voltages,  a  bad  operating  distribution  would  probably 
mean  not  flash -over,  but  punctured  porcelain,  or  the  porcelain 
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would  puncture  before  corona  could  form  to  distribute  the  stress 
better."  The  object  was  to  bring  out  the  great  importance  in 
insulator  design  of  well  balanced  or  distributed  stresses  which  the 
flash-over  tests  at  low  frequencies  do  not  necessarily  indicate. 
To  illustrate  the  necessity  of  good  balance,  and  as  an  explana- 
tion of  failures  at  high  frequencies,  let  us  take  an  extreme  case. 
Suppose  an  insulator  is  constructed  as  in  Fig.  5.  If  voltage  is 
gradually  applied  at  low  frequency  the  air  on  the  surface  breaks 
down  as  corona,  becomes  conducting  and  distributes  the  stress, 
or  becomes,  in  effect,  Fig.  7.  Arc-over  takes  place  before  punc- 
ture. If,  now,  the  whole  is  placed  in  oil  or  a  drop  of  oil  is  placed 
at  each  point,  the  flux  density  is  not  distributed,  as  the  air  does 
not  break  down  and  even-up  the  high  points,  so  to  speak — no 
conducting  path  is  formed,  and  the  stress  is  localized  and  punc- 
tiu^e  occurs. 

It  takes  a  very  short  time,  but  an  appreciable  time,  for  air  to 
become  conducting,  or  for  an  arc  to  form.  If  the  applied  poten- 
tial and  frequency  are  very  high,  or  if  high  voltage  is  suddenly 

♦Part  I,  page  926. 
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applied — that  is,  with  steep  wave  front — this  high  potential  is 
across  the  insulator  during  the  time  that  the  arc  is  forming,  or  the 
air  is  becoming  conducting  to  relieve  the  stress.  The  time  interval 
may  be  sufficient  for  the  porcelain  to  become  shattered.  High- 
frequency  pimctiu-e  should  occur  at  about  the  s5.me  voltage  as 
puncture  imder  oil  at  low  frequency  where  the  arc-over  is  pre- 
vented by  the  oil. 

Let  us  now  see  if  this  applies  to  the  interesting  data  presented 
by  Messrs.  Imlay  and  Thomas. 

Fig.  9  shows  the  connections  used  in  these  tests.  At  the 
moment  before  high-frequency  discharge,  or  arc-over,  the  in- 
sulator is  practically  at  zero  potential.  When  arc-over  occurs,  the 
insulator  is  thus  raised  very  suddenly  from  zero  potential  to 
325,000  volts,  or  possibly  double  this,  above  zero.  This  is  well 
above  the  puncture  voltage,  as  shown  by  the  test  imder  oil,  and 
if  this  voltage  had  been  gradually  applied,  the  stress  at  high  points 
would  have  been  gradually  evened  up  by  conducting  air  until  arc- 
over  occurred  and  the  voltage  across  the  insulator  was  reduced 
to  zero.    With  the  voltage  suddenly  applied  the  air  does  not  be- 
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come  conducting  to  a  great  enough  extent  over  the  surface  in 
time  to  relieve  the  insulators — hence,  the  porcelain  is  punctiu-ed. 
Complete  puncture  may  not  occiu*  at  the  first  application,  but  at 
first  only  cracks  or  chips  in  the  porcelain,  which  gradually  develop 
into  puncture.  If  the  petticoat  is  reduced  as  in  the  tests,  the  time 
lag  for  flash-over  is  reduced  and  less  punctures  should  occur. 
There  is  still  another  effect  which  I  have  noted  and  which  may 
have  a  bearing.  If  potential  at  low  frequency  is  applied  between 
electrodes,  and  gradually  increased,  arc-over  occurs  and  the 
potential  across  the  gap  drops  to  zero,  as  indicated  by  a  voltmeter 
placed  across  the  gap.  In  other  words,  the  low-frequency  arc 
"  resistance  "  is  practically  zero.  If,  however,  at  a  frequency  of 
say  50,000  cycles  from  a*gcnerator,  the  potential  is  gradually  in- 
creased until  arc-over  occurs,  the  potential  does  not  drop  to  zero, 
but  may  remain  near  the  applied  voltage,  that  is,  the  high- 
frequency  arc  seems  in  effect  to  have  a  very  high  resistance,  or 
the  high-frequency  arc  may  play  over  an  insulator  surface  with- 
out considerably  reducing  its  potential  below  the  applied  valuei 
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which  may  still  remain  above  the  voltage  at  which  pimcture  would 
occur  at  any  frequency,  as  under  oil  where  arc-over  is  pre- 
vented. 

The  effect  of  the  time  lag  of  corona  means  that  a  good  insulator 
under  transient  voltages  must  have  a  good  balance.  The  suspen- 
sion insulator  should  have  high  string  eflBciency,  as  brought  out 
in  my  paper,  previously  referred  to.  This  applied  also  to  the 
parts  that  makes  up  the  pin  type  insulator.  There  must  also  be 
ample  margin  between  the  low-frequency  flash-over  voltage  in 
air  and  the  puncture  voltage  under  oil. 

An  interesting  point  is  here  brought  up  in  design,  or  spacing 
of  disks.  If  potential  is  gradually  appUed  across  a  string  of  say 
five  insulators  (as  usually  spaced)  and  gradually  increased,  flash- 
over  takes  place  first  on  the  unit  nearest  the  line,  then  over  the 
second,  third,  and  so  forth.  As  there  is  a  time  lag  for  flash-over 
at  each  insulator  this  means  that  a  gradually  increasing  potential 
is  suddenly  applied  on  the  imits,  just  as  in  the  Thomas-Imlay 
tests.  When  the  last  insulator  is  reached  the  full  applied  voltage 
is  for  a  short  time  before  arc-over  across,  the  insulator.  This  is 
far  above  pimcture  voltage.  I  have  observed  insulators  punctured 
in  this  way  during  arc-over  tests.  Thus  with  low-frequency  surge 
the  insulator  nearest  the  tower  may  puncture.  This  shows  the  im- 
portance of  good  string  balance,  or  of  having  the  design  such  that 
all  insulators  will  arc  over  at  the  same  instant.  Perfect  balance 
is  in  the  present  design  hardly  possible,  so,  after  designing  for 
the  best  possible  balance,  the  insiilators  should  be  so  spaced  that 
arc-over  voltage  from  line  to  tower  is  just  below  the  arc-over 
voltage  around  one  unit. 

Referring  to  Mr.  Mershon's  remarks  on  string  efficiency,  we 
beUeved  this  to  be  a  proper  term*,  as  it  is  the  ratio  of  the  actual 
flash-over  voltage  to  the  maximum  possible  flash-over  voltage. 
The  question  brought  up  by  Mr.  Mershon  in  regard  to  the  method 
of  obtaining  the  string  efficiency  is  answered  in  the  paper  (p.  911). 

The  question  of  the  comparative  voltage  values  of  a  given  spark 
gap  at  low  and  high  frequencies  is  of  great  interest. 

We  have  made  some  tests  on  spheres  and  needle  gaps  up  to 
50,000  cycles  sine  wave.  At  this  frequency  both  the  sphere  and 
needle  types  spark  over  a  given  gap  at  lower  voltages  than  at  60 
cycles.  The  difference  is  not  great,  however,  for  spheres,  where 
corona  does  not  form  before  spark-over  and  heat  the  air  in  the  gap. 
At  very  high  frequencies  or  very  suddenly  applied  potentials 
where  the  time  element  enters,  it  is  probable  that  higher 
voltages  are  required  for  a  given  gap. 

Mr.  Sothman  in  his  paper  has  brought  up  many  interesting 
questions.  Regarding  the  question  of  test  precautions,  method 
of  voltage  control,  power  required,  etc.,  I  would  refer  to  what  I 
have  said  in  the  paper  previously  cited.  I  should  like  to  add  that 
while  the  needle  gap  has  long  been  useful,  we  have  about  out- 

•  See  Electrical  Characteristics  of  the  Suspension  Insulator^  in  Part  I  of 
this  volume  of  the  Transactions,  page  911. 
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grown  it,  and  it  is  not  reliable  above  100  kv.  Unless  proper  cor- 
rections are  made  for  humidity  the  variation  is  very  great,  and 
the  voltages  indicated  are  generally  too  high.  This  effect  is  not 
noticeable  where  the  electrode  is  such  that  spark-over  takes  place 
before  corona  forms.    Such  an  electrode  should  be  standardized. 

Desirable  Tests  and  Specifications. 

In  closing  my  discussion  I  will  summarize  the  test  conditions 
which  I  believe  should  exist  in  order  that  imiform  and  reliable 
results  may  be  obtained,  and  also  additions  which  I  believe  should 
be  made  to  specifications. 

Generators —  Voltage  Control  and  Power,  1 .  Generator  wave 
free  from  high  harmonics  and  reasonably  close  to  sine  wave. 

2.  Control  of  potential  by  generator  field  over  short  range 
(never  below  half  field)  in  combination  with  potentiometer 
method. 

3 .  Power  sufficient  to  allow  a  true  dynamic  arc  to  start  before 
an  appreciable  change  can  take  place  in  the  voltage  or  wave  form. 

Transformers,  A  properly  designed  transformer,  the  ratio 
of  which  should  remain  practically  constant.  The  iron  should 
never  be  too  highly  saturated.  For  careful  measurements  the 
voltmeter  coil  is  recommended. 

Spark  Gap,  1 .  Fairly  reliable  results  can  be  obtained  with  the 
needle  gap  if  correction  is  made  for  all  of  the  variables,  as 
humidity,  etc. 

2.  The  sphere  gap  is  recommended — always  using  a  sphere 
large  enough  so  that  spark-over  takes  place  before  corona  can 
form.  Correction  should  be  made  for  temperatiu-e  and  baro- 
metric pressure. 

3 .  Water  tube  resistances  should  be  placed  in  series  with  the 
gap,  Umiting  the  current  to  about  0.5  amperes. 

Insulator  Tests.  1.  The  top  of  insulator  string  should  be 
groimded. 

2.  In  determining  flash-over  tests,  insulators  must  not  be 
allowed  to  become  overheated  by  arc. 

3.  Temperature,  barometric  readings,  frequency,  and 
humidity  should  be  recorded. 

4.  The  impulse  test  by  transformer  as  made  by  Messrs.  Imlay 
and  Thomas  seems  better  than  the  Tesla  coil  method,  as  in  the 
former  the  maximum  applied  voltage  is  known.  This  is  an  ex- 
tremely important  test,  as  it  will  indicate  the  life  of  an  insulator 
due  to  lightning,  high  frequency,  etc.,  and  uniformity  of  porce- 
lain. 

Specifications.  1.  Good  string  efficiency  in  the  suspension 
insiUator,  and  high  efficiency  between  parts  of  pin  type  insulator. 
This  can  be  deteraiined  in  various  ways.  This  test  will  deter- 
mine the  relative  values  of  various  insulators  at  high  frequency. 

2 .  Ratio  of  the  puncture  voltage  under  oil  to  the  arc-over  volt- 
^ge  will  determine  approximately  the  relative  value  of  insula- 
iprs  under  high  frequene'y-    This  ratio  should  be  specified.    The 
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Oil  test  may  also  be  made  to  indicate  the  uniformity  of  the  por- 
celain. 

3 .  Possibly  electrical  test  while  insulator  is  under  mechanical 
strain. 

4 .  Resistance  of  rain  water  should  be  specified  or  standardized. 
J.  A.  Sandf  ord,  Jr. :    I  believe  that  there  is  no  one  who  has  gone 

more  carefully  into  comparative  testing  of  suspension  insulators 
from  all  points  of  view  than  Mr.  Sothman.  He  realized  at  the 
time  of  taking  up  this  work  what  most  engineers  have  since 
acknowledged,  that  good  comparative  results  can  be  obtained 
only  when  all  tests  are  made  with  the  same  equipment  and  with 
as  few  variables  in  the  test  conditions  as  possible. 

Turning  to  the  observations  made  by  Mr.  Sothman  and 
particularly  to  the  remarks  on  the  type  of  insulators  using  the 
so-called  hook  and  loop  coimection  as  compared  with  the  others, 
it  is  useless  to  dispute  the  fact  that  from  the  point  of  view  of  the 
electrical  performance  of  the  insulator  this  type  does  not  show 
up  as  weltvmder  test  as  others,  due  to  the  discharge  at  the  point 
of  the  hook.  It  is  well  to  bear  in  mind,  however,  that  this  type 
of  coimection  is  very  largely  in  use,  both  with  the  two-piece  and 
one-piece  suspension  imits,  and  has  given  entire  satisfaction  in 
competition  on  the  same  lines  with  two  other  styles  of  unit. 
The  simpUcity  of  the  connection  will  appeal  to  many  engineers, 
no  tools  being  required  to  connect  or  disconnect  the  vmits  when 
making  renewals. 

Referring  to  the  subject  of  mechanical  strength,  I  believe  there 
is  no  difiiculty  at  the  present  time  in  producing  single-piece 
tmits  of  short  spacing  and  reasonable  design  and  cost,  that  will 
have  an  average  ultimate  strength  of  12,000  to  13,000  lb.  (about 
5500  to  5900  kg.),  and  this  may  be  increased  to  15,000  lb.  (about 
6800  kg.)  by  a  slight  increase  in  spacing. 

Passing  now  to  the  stimmary  of  Mr.  Sothman's  paper  and  the 
questions  raised  therein  for  our  consideration,  I  believe  the 
author  has  come  quite  close  to  the  reason  why  insulators  fail  on* 
the  line  even  after  the  most  thorough  test  possible  at  the  factory, 
when  he  says:  "  For  it  is  quite  probable  that  precautions  now 
taken  in  one  direction  are  often  unwarranted  and  uncalled  for, 
whereas,  on  the  other  hand,  Hberal  allowances  made  in  other 
directions  may  be  of  the  greatest  detriment  to  line  andinsulators.*' 
This  seems  to  be  forcibly  brought  out  by  the  findings  of  Messrs. 
Imlay  and  Thomas  as  given  in  their  paper.  I  will  discuss  some 
of  these  points,  taking  up  the  various  headings  in  the  order  given 
in  the  stunmary  of  Mr.  Sothman's  paper. 

Design  Tests,  The  specifying  of  very  high  flash-over  tests, 
wet  and  dry,  necessitates  in  suspension  insulators  either  a  few 
imits  having  a  high  flash-over  value  and  long  spacing,  or  a  greater 
number  of  smaller  units  with  shorter  spacing,  each  unit  having 
a  relatively  low  flash-over.  The  latter  is  a  step  in  the  right  direc- 
tion, judging  from  the  observations  by  Messrs.  Imlay  and 
Thomas,  but  up  to  tbp  present  it  has  not  been  carried  far  enough. 


1912)  DISCUSSION  AT  NEW   YORK  2186 

The  ratio  of  puncture  voltage  of  the  unit  to  its  flash-over  value, 
and  the  ratio  of  flash-over  of  entire  insulator  to  flash-over  of 
single  imit,  should  be  increased.  In  order  to  accomplish  this  the 
flash-over  of  single  units,  must  be  reduced.  Incidentally  the  flash- 
over  values  of  the  entire  string  will  be  slightly  lowered,  but  an 
insulator  will  have  been  produced  that  is  better  able  to  withstand 
the  effects  of  high-frequency  disturbances,  while  sufficient  factor 
of  safety  will  still  be  obtained  to  take  care  of  the  steady  applica- 
tion of  static  forces  impressed  by  normal  line  potential  and  fre- 
quency. 

In  pin  type  insulators  we  have  to  use  large  flaring  parts  in 
order  to  take  care  of  the  flash-over  requirements.  Judging  from 
the  tests  of  Messrs.  Imlay  and  Thomas,  the  insulators  could  better 
stand  the  high-frequency  disturbances  if  the  diameters  were 
reduced,  thereby  changing  the  capacity  of  the  insulator,  and  thus, 
as  in  the  case  of  the  suspension  insulator,  giving  a  greater  factor 
of  safety  against  pimctiu'e. 

Method  of  Supporting  Insulator  under  Test,  For  the  com- 
paratively small  ntmiber  of  tests  necessary  to  demonstrate  the 
performance  of  various  insulators  and  their  suitability  for  certain 
requirements,  the  best  method  is  tmdoubtedly  to  support  the  in- 
sulators as  nearly  as  possible  in  the  manner  in  which  they  will  be 
installed  on  the  line;  that  is,  with  one  end  groimded.  This 
method,  however,  necessitates  a  very  large  and  expensive  trans- 
former, and  inasmuch  as  the  tests  are  comparative  only,  it  is 
my  opinion  that  the  tests  can  as  well  be  made  using  a  transformer 
with  middle  grounded.  The  latter  method  is  preferable  for  the 
routine  tests  that  have  to  be  conducted  in  the  regular  testing 
racks,  on  account  of  having  to  insulate  for  only  half  of  the  tot^ 
voltage.  There  is  also  less  trouble  from  static,  etc.  (This  is 
important,  owing  to  the  presence  of  lighting  circuits,  watchman's 
clock  circuits,  sprinkler,  water  and  gas  systems.  The  company 
with  which  the  writer  is  connected  has  recently  installed  300- 
volt  lightning  arrester  cells  to  protect  the  Hghting  circuits,  but  we 
have  had  insufficient  experience  to  say  whether  or  not  they  will 
eliminate  the  burning  out  of  lamps.)  No  resistance  should  be 
used  in  series  with  the  insulators  imder  test.  Other  means  than 
this  should  be  employed  to  protect  the  transformer. 

Capacity  of  Testing  Transformer  and  Generator.  I  agree  with 
the  author  that  the  greater  the  kilo  volt-ampere  rating  of  the  trans- 
former and  generator  used  for  testing,  the  better  will  be  the  re- 
sults. It  is  surprising  to  see  the  difference  in  appearance  of 
the  same  insulator  imder  test  with  first  one  equipment  and  then 
another. 

Means  should  be  provided  for  changing  the  low-voltage  con- 
nections of  the  transformer  in  order  that  the  generator  may  be 
worked  at  all  times  with  a  fairly  strong  field  excitation,  if  this 
method  of  control  is  used.  It  is  my  belief  that  field  control  offers 
fewer  objections  than  any  of  the. other  methods  that  have  been 
proposed.    It  is  convenient  to  be  able  to  vary  both  the  exciter 
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and  alternator  fields,  as  very  slow  and  gradual  changes  may  be 
made  by  using  the  alternator  field  control  for  say  97  or  98  per  cent 
of  the  desired  range  and  then  using  the  exciter  field  control  for 
the  balance. 

The  determination  of  the  voltage  present  at  any  time  during 
test,  is  the  most  important  element  of  the  results  obtained  and  is, 
unfortunately,  very  difficult  to  obtain  accurately  unless  careful 
laboratory  methods  are  resorted  to. 

Inasmuch  as  we  cannot  hope  to  duplicate  exactly  our  line 
operating  conditions,  the  tests  resolve  themselves,  as  before  stated, 
into  comparative  ones.  It  is  probable  that  errors  may  be  found 
in  any  method  of  measurement  that  might  be  introduced.  How- 
ever, I  believe  that,  given  a  transformer  of  good  design  and  suffi- 
cient capacity,  grounded  at  the  middle  point,  and  supplied  with 
power  from  a  single-phase  generator  giving  a  sine  wave  at  all 
loads,  the  generator  having  been  designed  in  connection  with  the 
transformer  with  full  knowledge  of  the  service  to  which  the  equip- 
ment is  to  be  put,  the  most  convenient  method  of  measurement 
of  voltage  is  by  the  use  of  a  voltmeter  coil  at  the  grounded  neutral 
of  the  transformer,  using  the  ratio  of  transformation.  If  the 
equipment  has  sufficient  kilovolt-amperc  capacity  and  is  properly 
designed,  the  error  in  using  this  method  should  be  small,  and  in 
tests  where  all  work  is  comparative,  would  be  eliminated.  This 
is  certainly  the  ideal  way  for  regular  factory  testing  where  an 
tinskilled  man  is  used  to  operate  the  testing  equipment.  The 
needle-point  spark  gap  is  subject  to  considerable  error,  and  the 
resistance  which  should  be  used  with  it  should  theoretically 
vary  w4th  voltage  at  which  tests  are  being  made.  It  is  not  practi- 
cally possible,  however,  to  vary  the  resistance  with  the  voltage. 
I  tried  water,  but  have  come  to  the  use  of  resistance  rods.  Fre- 
quent discharges  of  the  gap  ionize  the  air  and  distort  the  results; 
also  the  method  of  operating  the  gap  itself  may  introduce  con- 
siderable error. 

With  reference  to  the  effect  of  frequency,  the  paper  by  Messrs. 
Imlay  and  Thomas  brings  out  this  point  so  strongly  that  I  can 
add  nothing  further.  I  believe,  however,  that  no  appreciable 
difference  in  results  will  be  obtained  at  any  of  the  normal  fre- 
quencies; that  is,  25  to  133  cycles. 

Concerning  distortion  of  wave  form,  the  table  herewith  gives 
a  comparison  of  results  obtained  by  using  first  an  old  smooth  core 
single-phase  machine,  and  second  a  20()-kw.,  three-phase,  Y- 
wound  generator  running  single-phase  to  excite  a  250-kw.,  60- 
cycle,  2300/4600/400,000-volt  transformer. 


Single>phafte  Generator. 

Three-phase  Generator. 

Primary 
volts 

Secondary  volts 
(spark  gap) 

Transformer 
ratio 

Primary 
volts 

Secondary  volts 
(spark  gap) 

ratio 

458.0 
519.2 
572.7 
631.0 

80.5  kv. 

90.0  kv. 

99.0  kv. 

111.7  kv. 

175.7 
173.3 
172.8 
177.0 

467.3 
517.5 
575.0 
632.5 

85.8  kv. 

99.5  kv. 
107.6  kv. 
123.6  kv. 

183.6 
192.2 
186.96 
195.2 
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The  designed  ratio  of  transformation  of  this  transformer  was 
173.9:1.  The  ratio  as  found  under  test  before  shipment  was 
176:1.  The  oiJy  load  on  the  transformer  during  the  above  tests 
was  the  spark  gap.  This  goes  to  show  how  important  a  part  is 
played  by  the  wave  form  in  the  final  results.  The  wave  form  of 
the  single-phase  machine  referred  to,  is  as  nearly  a  sine  curve  as 
can  be  produced.  Note  how  closely  the  transformer  kept  to  its 
ratio. 

Wet  Test.  The  best  wot  test  to  apply  is  the  one  which  has  the 
least  number  of  variable  elements  connected  with  it.  The  great- 
est variable  is  the  quality  of  the  water  itself.  All  others  may  be 
controlled  with  more  or  less  accuracy.  Figs.  10  and  11  reproduce 
a  set  of  cur\-cs  drawn  from  results"  of  rain  tests  made  on  a  number 
of  10-in.  {254  mm.)  corrugated  suspension  units  first  at  Lisbon, 
Ohio,  and  then  at  Pittsfietd,  Mass.  The  same  spray  nozzles  and 
insulator  units  were  used  in  both  cases.  Plenty  of  power  was  at 
hand  and  the  frequency  was  the  same.    Both  generators  had  good 
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wdvt:  forms.  The  specific  resistance  of  the  water  at  Lisbon  was 
880;  that  at  Pittsficld  was  7000.  Also  note  the  effect  of  throwing 
salt  into  the  spray.  It  is  my  belief  that  condensed  water  should 
be  specified,  as  it  would  not  have  such  variable  characteristics. 
Water  of  this  character  may  have  a  specific  resistance  of  30,000 
ohms  per  cu.  cm.  The  quantity  of  water  sprayed  on  the  insulator 
is  of  secondary  importance,  as  it  can  be  varied  through  quite  a 
large  range  without  changing  the  results  appreciably.  I  have 
found  that  four  Mistry  nozzles  supported  at  an  angle  of  45  deg. 
with  the  horizontal  and  supplied  with  water  at  45  lb.  {20.4-kg.) 
pressure  if  placed  about  three  ft.  {91.4  cm.)  from  the  insulator 
give  very  good  results.  As  to  what  is  to  determine  the  failure 
of  an  insulator,  I  believe  the  oiJy  way  is  to  use  what  the  author 
has  called  a  parallel  test,  putting  all  styles  of  insulators  to  be  com- 
pared under  test  simultaneously  and  selecting  the  one  which 
shows  lip  the  best.  All  other  methods  are  unsatisfactory,  owing 
to  the  absence  of  any  correct  measure  of  the  various  phenomena 
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to  be  observed.  The  formation  of  corona  or  luminosity  is  partic- 
ularly indefinite. 

The  puncture  test  under  oil  as  conducted  in  the  past  amounts 
to  little,  and  will  continue  to  be  of  little  value  untU  the  method 
of  applying  it  has  been  standardized.  The  time  element  plays 
a  most  important  part  as  the  voltage  is  raised.  A  choice  of  two 
methods  of  handling  the  time  and  voltage  elements  may  be 
suggested : 

First — Gradual  and  steady  increase  of  voltage  until  puncture 
occurs. 

Second — Voltage  increased  by  stated  amounts  at  stated 
intervals,  noting  when  puncture  occurs. 

Further,  a  certain  requirement  should  be  set  forth  in  a  set  of 
specifications  to  cover  this  item,  based  upon  a  certain  per  cent 
of  line  voltage.  In  every  case  the  potential  should  be  applied 
using  as  nearly  as  possible  the  same  style  of  fittings  as  are  to  be 
used  on  the  insulator  in  service.  At  least  ten  samples  should  be 
tested  to  give  a  fair  average. 


Fig,    11— CoMPARATiVK  Tests  <in  Insl-lathii  No.  1113 


The  usual  methods  of  applying  mechanical  tests  to  pin  type 
insulators  might  more  properly  be  called  pin  tests,  as  I  know  of 
no  insulator  pin  made  that  will  stand  nearly  the  amount  that  is 
required  to  break  the  insulator  with  load  applied  at  the  tie  wire 
groove  and  perpendicular  to  the  axis  of  the  insulator.  The  test 
value  to  be  specified  depends  largely  on  how  great  a  factor  of 
safety  the  purchaser  it;  willing  to  pay  for. 

All  the  above  has  to  do  with  the  selection  of  a  j)ro[Jcrtype  or 
size  of  insulator  for  a  sjwcified  set  of  conditions. 

The  inspection  of  the  ])orcelain  parts  of  insulators  for  i)hysical 
defects  and  the  agreement  between  tlic  purchaser  and  manu- 
facturer as  to  what  constitutes  sufficient  cause  for  rejection  is 
often  the  most  difficult  problem  of  all.  Mr,  Sothman  has  hinted 
at  this,  and  I  believe  many  others  have  had  a  like  experience. 
Personally,  I  believe  that  insulators  showing  cracks,  blisters, 
large  amounts  of  sagger  deposit,  pieces  that  show  plainly  that 
they  are  either  over-  or  under-fired,   or   having   crazed   glaze, 


1912]  DISCUSSION  AT  NEW   YORK  2189 

should  be  rejected.  On  the  other  hand,  insulators  showing  dis- 
coloration— if  not  due  to  over-  or  under-firing — slight  warping, 
or  slight  unevenness  caused  by  small  pieces  being  chipped  from 
the  ware  before  glazing,  should  be  accepted.  However,  no  matter 
what  lines  are  drawn,  it  will  finally  boil  down  to  the  judgment  of 
the  inspector,  who  can  easily  work  a  hardship  on  both  the  pur- 
chaser and  manufacturer. 

The  company  with  which  the  writer  is  connected  has  drawn 
up  standard  specifications  for  routine  tests,  which  are  used  in  all 
cases  where  specifications  are  not  supplied  by  the  purchaser. 
Voltages  used  of  course  depend  on  the  insulator  in  question.  The 
periods  of  time  of  test,  so  far  as  suspension  units  are  concerned, 
we  have  fixed,  as  the  variation  in  size  of  different  insulators  is  not 
great;  therefore  the  expense  of  testing  is  nearly  the  same  for  all 
styles  we  make.  With  reference  to  pin  type,  however,  the  sizes 
vary  greatly,  requiring  voltages  varying  from  45,000  to  180,000 
volts.  The  smaller  insulators,  particularly  below  22,000  volts, 
do  not  need  to  be  tested  so  long  as  the  larger  sizes,  as  each  porce- 
lain part  in  the  smaller  insulator  is  often  as  thick  as  in  the  larger, 
and  the  voltage  per  part  very  much  less.  Furthermore,  a  long 
time  test  on  a  very  small  insulator  makes  the  cost  of  testing  out 
of  proportion  to  the  price  of  the  insulator. 

The  specifications  which  we  have  adopted  are  the  result  of  oiu* 
experience  in  testing  porcelain  insulators,  combined  with  what  we 
find  is  being  asked  for  in  specifications  issued  by  different  engi- 
neers. They  are  not  as  voluminous  nor  as  exacting  as  some,  nor 
as  short  and  indefinite  as  others.  We  feel,  however,  that  they 
are  so  drawn  as  to  insure  the  purchaser  against  receiving  defec- 
tive material,  without  imi)osing  undue  hardships  on  the  manu- 
facturer. 

.  In  regard  to  two-piece  insulators,  I  believe  that  the  specifica- 
tions may  properly  contain  a  statement  as  to  the  kind  of  cement 
to  be  used,  and  if  Portland  is  specified,  a  statement  as  to  the  time 
of  setting.  As  to  the  method  of  cementing,  I  believe  this  should 
be  left  entirely  to  the  manufacturer,  as  it  is  right  to  suppose  that 
if  the  manufacturer  is  following  up  his  methods  closely  with  a 
view  to  turning  out  the  best  possible  product  in  the  most  eco- 
nomical manner,  and  at  the  same  time  fulfilling  all  guarantees 
made,  he  is  in  better  position  than  the  purchaser  to  say  how  the 
details  of  the  work  shall  be  carried  out.  This  applies  to  all  other 
parts  of  the  work  as  well  as  the  cementing,  and  will  be  found  to 
vary  in  the  different  factories. 

All  insulators,  whether  pin  or  suspension  type,  should  be 
tested  after  having  been  assembled  and  the  cement  is  suflBciently 
set  to  allow  of  safe  handling.  There  is  a  possible  exception  to 
this  rule  in  the  case  of  the  very  small  two-part  pin  type  insulators, 
as  it  is  sometimes  found  advantageous  to  test  these  to  flash-over 
when  they  come  from  the  kilns,  assembling  the  parts  in  the  test 
pans  without  cement,  thus  testing  both  parts  at  once.  Water 
is  placed  between  the  parts  for  this  test.     In  the  case  of  these 
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small  insulators  it  is  then  safe  to  cement  the  parts  together  and 
pack  the  complete  insulators  without  further  testing. 

The  paper  by  Messrs.  Imlay  and  Thomas  at  once  suggests  that 
it  may  be  desirable  to  introduce  some  sort  of  high-frequency  test 
into  the  list  of  tests  to  be  applied  in  order  to  make  a  selection  of 
the  proper  insulator  for  a  given  set  of  conditions.  However,  I  do 
not  believe  there  are  sufficient  data  at  hand,  at  present,  to  allow 
us  to  say  just  what  this  test  should  be  or  how  it  should  be  appUed. 
Further,  I  doubt  the  advisability  of  using  the  same  apparatus  for 
this  test  as  is  used  for  the  commercial  routine  tests  at  the 
insulator  factory. 

Since  it  is  coming  to  be  generally  acknowledged  that  the  parallel 
test  is  the  only  good  way  to  determine  what  is  the  most  suitable 
insulator  to  meet  a  set  of  specified  conditions,  it  seems  to  me  that 
there  should  be  available  some  place  where  such  work  could  be 
done,  using  the  same  equipment  and  conditions  of  test  at  all  times. 
At  present  non-interested  companies  that  are  equipped,  so  far  as 
apparatus  is  concerned,  to  make  such  tests,  do  not  like  to  go  to 
this  troiible  to  set  aside  a  space  and  rig  up  for  the  various  tests, 
as  such  work  does  not  pay  them,  and  not  having  arrangements 
especially  for  it,  there  is  more  or  less  danger  of  injuring  the  appa- 
ratus. 

If  arrangements  could  be  made  with  some  laboratory  or  factory 
having  the  equipment  and  not  directly  interested  in  the  sale  or 
purchase  of  the  insulators,  in  accordance  with  which  this  ap- 
paratus in  a  suitably  equipped  room  could  be  available  at  all 
times,  I  believe  that  with  proper  use  of  such  advantages  there 
would  be  fewer  mistakes  made  in  insulating  our  transmission 
lines,  and  incidentally  the  owner  of  the  equipment  could  derive 
considerable  revenue  from  the  making  of  comparative  tests  pre- 
liminary to  the  purchase  of  insulators  for  a  transmission  line, 
and  from  the  use  of  such  equipment  for  experimental  and  re- 
search work  at  very  high  voltages  not  at  present  jDossible  except 
for  experimenters  connected  with  our  large  manufacturing  com- 
panies. 

We  will  be  glad  to  give  anyone  copies  of  the  specifications  used 
by  the  company  with  which  the  writer  is  connected,  or  in  any 
way  to  help  in  a  movement  for  the  standardizing  of  the  specifica- 
tions and  the  methods  of  tests  on  high-tension  insulators. 

A.  O.  Austin :  There  are  a  number  of  important  points  brought 
up  in  the  papers  by  Mr.  Sothman  and  Messrs.  Imlay  and  Thomas, 
which  deserve  careful  consideration,  but  the  scope  of  these  papers 
is  such  that  it  will  be  possible  to  discuss  them  only  in  a  general 
way.  I  hope,  however,  that  a  few  words  in  regard  to  the  methods 
of  testing  and  their  discrepancies  may  be  of  interest,  for  I  find 
that  tests  are  only  too  often  misinterpreted. 

The  character  of  the  testing  apparatus  has  been  given  very 
careful  consideration,  so  that  in  testing  at  flash-over,  severe  surges 
would  be  thrown  upon  the  insulator  in  order  to  make  the  weeding- 
out  process  as  effective  as  possible.    This  practise  has  been  fol- 
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lowed  for  a  long  time  on  pin  type  insulators  and  carried  even 
farther  in  the  case  of  suspension  insulators.  By  providing  the 
proper  regulation  of  testing  apparatus,  the  piclang  up  of  power 
arc  is  prevented  when  insulators  flash-over  under  test. 

For  over  four  years,  suspension  insulators  have  been  given 
routine  tests  under  conditions  similar  to  those  outlined  in  the 
paper  by  Messrs.  Imlay  and  Thomas.  The  insulators  are  given 
this  routine  test  one  at  a  time  under  conditions  much  more  severe 
than  those  at  normal  frequency  and  flash-over.  This  test  is 
very  much  more  severe  than  a  long  time  test,  and  more  nearly 
approaches  high-frequency  conditions  under  which  the  insulator 
must  operate. 

In  general,  too  much  attention  is  given  the  wet  flash-overvalues 
obtained  on  insulators,  and  not  enough  attention  paid  to  surface 
stress  and  dielectric  strength  to  meet  line  conditions. 

Several  years  ago  the  fad  of  designing  insulators  for  high  wet 
flash-over  was  responsible  for  many  poor  designs.  While  many  of 
these  gave  fairly  good  results  when  mounted  upon  wooden  pins, 
trouble  was  sure  to  follow  when  they  were  mounted  on  metal 
pins  under  severe  conditions.  In  at  least  one  instance  these 
commercial  designs  were  discontinued  and  the  dielectric  factor 
of  safety  increased  in  the  other  types.  There  will  always  be  a 
considerable  variation  in  tests  under  rain  conditions  made  by 
different  persons,  but  as  the  dry  tests  are  very  much  more  im- 
portant this  should  give  but  little  trouble. 

Dry  tests  on  the  better  types  of  insulators  may  be  checked  very 
closely  on  widely  varying  types  of  apparatus.  It  is  of  course 
recognized  that  insulators  which  have  high  surface  stress  or 
charging  current,  such  as  low-voltage  bushings  and  the  poorer 
types  of  insulators,  will  be  greatly  affected  by  frequency  or 
wave  form.  This  class  of  material,  however,  is  rapidly  becom- 
ing obsolete. 

The  design  of  an  insulator  is  necessarily  a  compromise  of  the 
elements  producing  dielectric  strength,  surface  resistance,  flash- 
ing capacity,  and  mechanical  strength,  and  since  the  operating 
conditions  on  different  lines  may  call  for  widely  different  relative 
proportions  of  these  elements,  it  is  very  difficult  to  draw  up  gen- 
eral specifications.  Lines  operating  at  the  same  voltage  but  under 
different  conditions  may  require  a  difference  of  several  hundred 
per  cent  in  the  factor  of  safety  of  one  of  these  elements,  in  order 
to  produce  the  same  degree  of  reliability.  The  relative  numerical 
values  involved  are  all-important,  and  the  design  of  two  insula- 
tors may  be  radically  different  in  appearance  but  the  same  for 
operating  conditions.  There  are  some  commercial  insulators 
which  have  been  in  use  for  several  years,  which  were  designed  to 
meet  the  severe  conditions  of  the  high-frequency  surges,  and  which 
involved  the  use  of  the  screen  shown  in  the  paper  by  Messrs. 
Imlay  and  Thomas.  These  insulators  have  the  further  advan- 
tage of  multipart  construction,  enabling  a  redistribution  of  stress 
between  the  outer  and  inner  surface,  by  making  use  of  the  cement 
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zone.  The  relative  diameter  of  the  several  parts  was  given  very 
careful  consideration,  also  the  striking  distance  between  con- 
ductor and  pin. 

Some  experiments  were  performed  several  years  ago  which 
show  that  there  is  a  redistribution  of  stress  in  insulators  through 
an  air  discharge,  which  is  not  visible  to  the  eye.  A  discussion  of 
this  point  would  be  too  lengthy,  but  would  throw  considerable 
Kght  on  some  of  the  tests  performed  by  Messrs.  Imlay  and 
Thomas. 

I  may  add  that  the  performance  of  these  insulators  has  been 
more  than  gratifying  and  furnishes  strong  proof  that  the  tests 
performed  by  Messrs.  Imlay  and  Thomas  imposed  conditions 
similar  to  those  found  on  the  line. 

In  a  rather  wide  experience  in  investigating  operating  condi- 
tions, I  have  found  that  the  information  as  regards  insulator 
failure  is  only  too  often  very  misleading.  An  investigation 
usually  shows  that  much  valuable  evidence  which  cannot  be  re- 
placed has  been  lost  or  destroyed. 

It  may  be  interesting  to  know  that  type  E  insulator  tested  by 
Mr.  Sothman  was  the  only  insulator  in  the  series  which  provided 
a  thickness  of 'material  ptuposcly  to  provide  dielectric  strength 
for  high-frequency  line  surges.  Operation  showed  that  tmder  the 
most  severe  conditions  a  still  further  increase  in  this  regard  was 
warranted.  The  insulator  was  further  improved  in  this  regard 
and  this  has  been  the  only  marked  improvement  in  the  suspension 
insulator  since  the  tests  made  by  Mr.  Sothman. 

Before  writing  up  a  set  of  specifications  to  be  used  for  inspec- 
tion it  is  of  the  utmost  importance  for  the  engineer  to  investi- 
gate as  far  as  possible,  so  that  his  inspection  will  produce  an 
increase  in  reliability  in  the  product. 

Good  appearance  should  be  maintained,  but  there  are  other 
essentials  not  apparent  on  the  face  of  the  insulator  which  are 
very  much  more  important  for  reliability  in  line  operation. 

The  methods  in  process  of  manufacture  should  be  such  as  to 
produce  the  greatest  degree  of  reUability. 

In  general  the  insulators  of  foreign  manufacture  are  superior 
to  ours  in  appearance,  but  very  inferior  as  regards  reliability. 
Certain  processes  are  used  which  have  a  very  bad  effect  upon  the 
insulator;  the  dielectric  strength  is  sacrificed  for  appearances, 
and  it  has  been  found  that  serious  cracking  occurs  after  a  short 
period  of  installation.  This,  of  course,  has  been  particularly 
noticeable  where  the  multipart  insulators  were  made  up,  and  was 
pointed  out  by  Mr.  Sothman. 

The  designs  in  use  in  this  country  are  very  much  ahead  of  those 
of  foreign  manufacture  when  it  comes  to  line  conditions.  Most 
of  the  large  pin  type  lines  in  use  in  foreign  countries  are  being 
suppUed  by  American  manufactiurers. 

There  is  much  to  be  said  in  regard  to  static  punctvure,  for  an 
investigation  carried  on  in  1904  showed  conclusively  that  a 
static  puncture  could  be  in  the  nature  of  a  partial  breakdown. 
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This  was  effected  by  a  low  voltage  for  mechanical  stress,  for  the 
resulting  failure  was  of  a  physical  nature. 

F.  M.  Farmer:  These  papers  are  valuable  contributions  to 
a  phase  of  electrical  engineering  activity  which  has  been  very 
much  neglected  in  the  deliberations  of  the  Institute.  Although 
matters  pertaining  to  the  transmission  of  electrical  energy  form 
a  conspicuous  part  of  the  transactions  of  the  Institute,  practically 
nothing  will  be  found  about  the  testing  of  high-tension  insulators, 
despite  the  importance  which  all  engineers  attach  to  the  proper 
inspection  and  testing  of  insulators  to  be  used  for  transmission 
line  purposes.  Contributions  to  this  neglected  subject  are,  there- 
fore, ver>'  welcome,  and  those  of  us  who  are  especially  concerned 
with  the  testing  side  of  engineering  work  will  be  particularly  glad 
to  see  attention  drawn  to  the  need  for  improvements  in,  and  the 
standardizing  of,  testing  methods. 

The  standardization  of  methods  of  testing  not  only  insulators, 
but  all  classes  of  insulating  materials,  is  very  urgently  needed. 
It  is  probably  safe  to  say  that  no  two  testing  engineers,  whether 
representing  manufacturers,  consulting  engineers,  or  testing 
laboratories,  will  have  the  same  ideas  as  to  just  how  a  high-tension 
test  should  be  carried  out,  although  it  is  well  known  that  such  de- 
tails as  the  method  of  controlling  voltage,  the  amount  of  resistance 
and  inductance  in  scries  with  the  specimen,  and  the  arrangement  of 
the  spray  in  an  artificial  rain  test,  may  have  a  marked  effect  on 
the  results.  We  have  available  more  or  less  standardized 
methods  of  testing  other  materials  used  in  transmission  lines. 
Methods  have  been  fairly  well  standardized  for  physical 
tests  of  the  tower  members,  for  galvanizing  tests,  and  for  physical 
and  electrical  tests  of  the  conductor  materials,  but  practically 
nothing  has  been  done  on  insulators,  although  they  are  the  most 
important  element  in  the  transmission  line. 

While  the  standardization  of  testing  methods  is  very  impor- 
tant, the  definition  of  the  terms  used  in  connection  with  insulators 
shotdd  receive  first  attention.  Different  manufacturers  and 
engineers  use,  in  their  catalogues  and  specifications,  different 
terms  for  the  same  thing  and  describe  the  same  phenomenon  in 
different  ways.  For  instance,  the  parts  of  a  pin  type  insulator 
are  called  shells  and  petticoats;  the  components  of  a  complete 
suspension  insulator  are  called  units,  sections  and  parts;  and 
the  corrugations  on  a  suspension  insulator  unit  are  called  cor- 
rugations and  i)etticoats.  Also,  what  is  static  arcing  and  what  is 
a  power  arc?  Is  flash-over  voltage  the  potential  at  which  the 
first  intermittent  static  arcing,  or  continuous  static  arcing,  or 
power  arcing,  occurs?  The  suggestion  is  offered  that  the  atten- 
tion of  the  Standards  Committee  be  drawn  to  the  desirability 
of  having  some  of  these  things  officially  defined. 

Referring  to  Mr.  Sothman's  paper,  it  seems  to  me  that  it 
would  have  been  advisable  to  separate  the  data  pertaining 
strictly  to  types  or  designs  from  those  which  may  be  affected  by 
variations  in  quality  or  methods  of  manufacture.     For  instance 
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while  it  is  true  that  the  ultimate  dielectric  strength,  the  tensile 
strength,  and  the  number  of  ptinctures  which  occurred  during  the 
tests,  will  be  affected  by  the  design,  it  is  also  true  that  the  quality 
of  the  material  and  the  methods  of  manufacturing  may  affect 
the  results  to  a  greater  extent,  so  that  a  poorer  design  of  sup)erior 
manufacture  might  show  up  more  favorably  than  a  better  design 
of  inferior  manufacture.  Therefore,  when  comparing  the  results 
of  an  investigation  made  for  the  purpose  of  selecting  a  type,  this 
should  be  carefully  borne  in  mind .  Of  course,  the  ideal  methods  of 
making  such  comparison  would  be  to  have  various  designs  made 
by  the  same  maniifacturer  and  then  the  results  would  be  affected 
in  a  similar  manner  by  the  inherent  variations  in  clay  composition, 
firing,  cooling,  etc. 

No  figures  are  given  in  the  various  tables  showing  the  nvimber 
of  insulators  or  insulator  sections  tested.  This  information 
would  be  valuable  in  connection  with  those  tests  which  involve 
variations  in  the  individual  specimens  of  the  same  design  and 
manufacture,  such  as  dielectric  strength,  tensile  strength,  ptmc- 
tures  during  the  various  tests,  etc.  These  data  should  be  taken 
on  a  considerable  number  of  specimens  before  definite  conclusions 
can  be  drawn. 

Mr.  Sothman  refers  to  factory  inspection  of  insulators  and  his 
statements  emphasize  the  importance  of  careful  and  conscien- 
tious work  at  this  stage.  Porcelain  insulators  are  inherently 
a  variable  product  and  the  only  method  of  determining  whether 
an  insulator  is  a  good  one  or  a  peer  one  is  by  inspection  and  test 
of  each  and  every  one.  A  lar^e  factor  in  the  success  of  an  opera- 
ting company  is  continuity  of  sc  rvice,  and  this  depends  very  large- 
ly upon  the  line  iisulators.  It  is  apparent,  therefore,  that  the 
inspection  and  ttstir^  cannot  he  tco  carefully  or  thoroughly  done, 
and  that  the  inspectors  should  be  experienced  men  competent 
not  only  to  make  the  electrical  test  but  to  judge  acciu*ately  the 
quality  of  porcelain.  With  the  present  methods  of  manufacture, 
the  quality  of  porcelain  will  vary  from  day  to  day  and  even  in 
the  same  kiln,  for  it  is  extremely  difficult  to  "fire"  porcelain 
just  right — it  may  be  **ovcr-fired  *^  or  it  may  be  **  under-fired". 
Insulators  that  are  not  properly  fired  are  inferior,  but  the  high- 
voltage  test  cannot  always  be  relied  upon  to  weed  them  out.  The 
operating  company  cannot  afford  to  take  any  chances,  no  matter 
how  small  they  may  appear  to  be,  therefore  the  inspector  should 
be  competent  to  detect  such  insulators  and  reject  them  without 
test.  It  is  also  desirable  that  the  inspector  have  some  experience 
in  miscellaneous  high-voltage  testing  of  all  classes  of  materials 
and  apparatus  in  order  that  he  may  intelligently  interpret  the 
performance  of  insulators  during  the  routine  factory  test. 

Referring  to  the  points  which  Mr.  Sothman  suggests  should  be 
given  consideration  in  the  future  discussions,  the  writer  would 
propose  that  the  item  referring  to  generator  and  transformer 
capacity  include  the  amount  of  resistance  and  inductance  in  the 
high-tension  circuit  of  the  testing  transformer.     It  is  customary  . 
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to  use  an  impedance  of  some  kind  in  this  circuit  to  protect  the 
transformer  and  obviously  it  may  be  suflScient  to  decrease  the 
power  available  at  the  specimen  under  test  and  thus  have  an 
effect  upon  the  results. 

Referring  to  specifications  for  wet  tests,  it  is  suggested  that 
the  minimum  period  of  precipitation  before  the  voltage  is  applied 
be  stated. 

Routine  tests  and  inspections  on  the  product  as  it  is  being 
manufactured  may  be  divided  into  two  classes.  One  class  in- 
cludes the  preliminary  inspection,  the  preliminary  electrical  test, 
the  final  inspection  and  test  after  assembling  and  the  mechanical 
tests.  These  tests  and  inspections  are  made  on  each  insulator 
and  insulator  part.  The  second  class  includes  those  tests  which 
would  only  be  made  at  occasional  intervals  to  check  up  the  quality 
of  the  product  and  insure  that  the  standard  originally  established 
is  being  maintained,  as  for  example,  the  determination  of  the 
dielectric  strength  under  oil,  the  effect  of  immersion  in  water  for 
a  considerable  period,  the  effect  of  application  of  potential  for  a 
long  period,  and  ultimate  tensile  strength  tests. 

Referring  to  the  manner  of  making  the  routine  electrical  tests 
at  the  factory,  the  writer  feels  that  such  tests  should  be  made  as 
severe  as  possible,  consistent  with  reasonable  cost  and  fairness 
to  the  manufacturer.  The  operating  company  is  very  dependent 
upon  the  insulators  on  its  transmission  line  in  reducing  interrup- 
tions of  service  to  a  minimum.  While  it  cannot  eliminate  all 
chances  of  interruption,  it  is  justified  in  taking  precautions  at 
every  stage  in  the  construction  of  the  line  to  eliminate  sources  of 
possible  failure.  Therefore,  the  inspection  and  test  at  the  factory 
should  be  as  se\XTc  as  expense  will  permit  and  the  electrical  tests 
should  include  a  long  time  test  at  continuous  flash-over  voltage 
after  all  insulators  giving  any  signs  of  physical  weakness  have 
been  eliminated.  Of  coiu'sc  the  imposition  of  severe  conditions 
on  the  manufacturer  may  mean  a  higher  cost,  but  in  view  of  the 
great  investment  in  modem  transmission  lines  and  the  impor- 
tance of  continuity  of  service,  a  slight  additional  cost  in  the  insula- 
tor item  would  seem  to  be  entirely  justified.  Experience  has 
shown  that  a  continuous  static  flash-over  test  is  more  severe  than 
a  test  at  voltage  just  under  continuous  flash-over.  This  is  prob- 
ably due  to  the  high-frequency  oscillations  set  up  under  such 
conditions,  which  produce  the  effects  noted  by  Messrs.  Imlay 
and  Thomas  in  their  paper. 

Ralph  W.  Pope:  The  relative  merits  of  different  materials 
and  different  forms  of  insulators  have  been  a  fruitful  topic  of 
controversy  since  the  construction  of  the  first  telegraph  line. 
Fluted  porcelain  insulators  (then  known  as  '*  white  flint  '*)  were 
used  on  tlie  House  telegraph  line  between  Albany,  N.  Y.,  and 
Springfield,  Mass.,  in  the  fifties.  They  were  superseded  b}^ glass, 
which,  so  far  as  telegraph  and  telephone  service  is  concerned, 
has  appeared  to  be  a  **  survival  of  the  fittest."  After  reading 
these  two  papers,  it  appeared  that  glass  for  high-tension  work  had 
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^f  •„'.':  rrtizr.y.^,  >^z/\  'yT.'rv'<:^  fyiF-T.vjr.-,  :r.v::ve-.  In 
;/Ia/^;,  •:>:  r^7/  zr.>.Vfr/^\  \\  r.^-r  rrriily  c^ jt. irclleii  bv  test  arid 
ar,^iy-.:',  ary!  rh':  su'^rar.^x-'  er.terir..;^  :r.VD  the  batch  art  selected 
v/j*h  '^l^j/:  x*:\'/i,zf\  \f,  *rj:  T'r\'ii\ir.^^  pToduct.  FoT  example,  the 
'rlirr,jr.;i*,y/r.  of  all  iror.  :%  cor.'id'jred  of  prime  importance,  and 
in  ^^':  l/r'.r  far,"*/>r'>r<.,  rr.a;^ry:t:c  separators  are  used  to  remove 
•;u/K  irripuriri^''.  from  th*^-  ra-;^  m^teriai.  Then  again,  the  pro- 
fy/r*.iof,ir.;^  of  th/:  rr.aV/nais  car.  noTr  be  done  with  great  accuracy 
and  by  rn^rrhar.i^al  v.vri^^-.ir;.;  and  mixing,  the  composition  can 
fy:  fffTi\ro\U:f]  %'r.',Yi\u  narrow  limits,  so  that  the  product  is  not 
ofily  umff/rrn  txxA  h^'/mogeneotts,  but  conforms  closely  to  the 
fhi^Tf'f]  :,[K!dfica*jon ..  In  this  respect  modem  glass,  as  used  in 
hiiiuhiU/T'i,  shov/^  ;T':at  Nitrides  over  the  product  of  fifteen  years 
iiy/t,  v/]i'u:h  wa",  Vk^  ofUrn  unev^rn  in  composition  and  texture. 
'J'oday  nol  only  an:  iho  mate-rials  carefully  selected,  weighed  and 
rnix^rd,  but  they  an-  rnr-jted  in  large  opcn-hcarth  Siemens  tanks 
when-  i]]c  Tfiolien  n)at.rriab  Uing  in  motion,  is  kept  from  separa- 
lin;^  irito  lay^r:  of  vnryin;:  density,  which,  in  former  days,  too 
oft/'fi  fffodu'^'^d  not.  only  uneven,  but  cordy  or  stringy  glass  that 
failrrl  to  y\vr  tJic  \)('X  results  either  electrically  or  mechanically. 
Modr-rn  nw-t.liods  of  manufacture  have  done  away  with  this,  and 
at  Icrast  onr!  lar^y  and  well  known  glass  factory  has  had  nojcordy 
glass  for  ten  years. 
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Unfortunately,  glass  manufacturers  in  the  United  States  have 
failed  to  realize  adequately  the  availability  of  their  product  for 
high-tension  work.  In  the  first  place,  for  the  new  and  unusual 
shapes  required  they  at  first  demanded  prices  that,  if  not  prohibi- 
tive, plainly  suggested  an  undue  profit.  Secondly,  the  manufactur- 
ers have  failed  to  consider  sufficiently  the  electrical  side  of  the 
problem  and  have  not  shown  a  progressive  spirit  in  arranging 
testing  plants  and  methods  of  test  and  experiment.  Furthermore, 
such  concerns  as  have  developed  improved  methods  of  manufac- 
ture have  failed  to  publish  the  results  of  their  improvements,  so  that 
to  many  engineers  the  merits  and  relative  economy  of  glass  as 
compared  with  other  materials,  have  never  been  made  apparent. 
For  these  reasons,  chiefly,  porcelain  has  achieved  a  position  in 
this  field  which  modem  glass  insulators  are  now  in  a  position  to 
dispute.  Just  as  the  problem  of  a  high-tension  insulator  was 
solved  in  porcelain  by  the  suspension  insulator,  so  similar  designs 
have  been  developed  for  glass,  which  are  now  gaining  wide  vogue. 
It  will  be  remembered  that  a  porcelain  pin  insulator  required  for 
a  100 ,000- volt  transmission  line  could  be  built  only  of  such  size 
and  form  as  to  cost  the  prohibitive  amount  of  about  $30,  but 
that  by  combining  a  number  of  insulators  by  cementing  to 
malleable  iron  fittings  and  suspending  the  cable,  high-tension  insu- 
lators of  such  capacity  could  be  supplied  at  a  cost  of  about  five  or  six 
dollars.  Likewise  for  glass,  the  suspension  insulator  has  also 
been  developed  for  high-tension  lines,  and  types  now  in  use  meet 
all  conditions  in  a  most  satisfactory  manner  and  often  more  ad- 
vantageously than  porcelain.  Instead  of  making  the  glass  about 
three  inches  (76  mm.)  thick  as  has  been  done  with  a  pin  type  insu- 
lator, where  stresses  are  almost  unavoidable,  the  same  result  can  be 
secured  with  glass  three-quarters  of  an  inch  (19  mm.)  thick. 
This  permits  of  perfect  annealing  and  the  development  of  a  glass 
with  practically  the  same  strength  as  porcelain.  In  such  disks 
corrugations  of  the  necessary  shape  can  be  molded  so  that  the 
cement  holding  the  various  segments  together  will  have  a  firm  hold 
and  afford  an  insulator  of  strength  equal  to  a  solid  piece.  Today 
these  composite  insulators  of  glass  have  been  developed  to  a  point 
where  samples  of  suspension  insulators  are  supplied  by  glass 
manufacturers  for  comparative  tests  with  those  of  porcelain,  ir- 
respective of  the  voltage  for  which  the  line  is  to  be  used.  For  long- 
distance telephone  communication,  comparative  tests  have  been 
made  of  glass  insulators  and  those  of  other  materials  along 
parallel  lines  and  the  practical  results,  as  shown  in  more  distinct 
enunciation,  have  coincided  with  the  reports  from  the  testing 
laboratory,  while  the  power  lines  on  the  Pacific  coast  where  glass 
has  been  used  all  return  satisfactory  reports.  One  objection  to 
glass  insulators  has  been  that  they  could  only  be  used  with  wooden 
pins.  The  more  perfectly  annealed  glass  insulators  have  been 
used  with  iron  pins  dipped  in  pitch  and  stand  up  as  well  as  the 
porcelain.  Another  objection  has  been  that  internal  stresses  are 
caused  in  the  piece,  due  to  poor  annealing.    This  has  been  elimt- 


2198  HIGH-TENSION  INSULATORS  [Dec.    13 

nated  by  flash-over  tests  of  say  five  minutes  and  by  the  more 
perfect  methods  of  annealing. 

But,  for  the  present  consideration,  we  can  take  up  in  some  de- 
tail a  test  of  some  glass  suspension  insulators  which  shows  their 
present  condition  and  possibilities.  These  were  ten  units  of 
glass,  all  of  the  same  size  and  style,  sent  to  the  testing  laboratory 
without  previous  tests  or  inspection.  These  samples  were  ten 
in.  (254  mm.)  in  diameter,  fitted  with  malleable  caps  and  eyebolts. 
The  record  of  the  tests  given  herewith  is  a  factory  laboratory 
test  designed  to  show  the  general  run  of  manufacture  so  that  the 
samples  showing  defects  of  manufacture  would  not  figure  in 
engineers'  or  contract  tests.  These  tests  follow  the  standard 
methods  usual  with  high-tension  insulators  and  imitated  as 
nearly  as  practicable  the  conditions  of  service. 

A  test  of  ten  insulators  follows.     The  test  speaks  for  itself. 


Plasr-Ovbr  Voltage,  Dry 

VolUge  at  first 

Voltage  at  continuoua 

specimen  number 

intermittent  fla«h-over 

flash-over 

1 

76.600 

83.650 

2 

78.600 

84.650 

3 

78.600 

83,650 

4 

79.650 

86.700 

'       6 

76.600 

83.650 

6 

Ptmctured  through  head  at  60.500  volu 

7 

78.600 

88.700 

8 

Punctured  at  bottom  of  cap 

at  76.600  volU 

9 

78.600 

88.700 

10 

Punctured  through  head  at  78.600  volts 

Test  at 

Continuous  Plash-over  for 

Five  Minutes 

Specimen  number 

Voltage  applied 

Remarks 

9 

88.700 

Heated  slightly. 

7 

88.700 

Ft                                *» 

5 

86.700 

Punctured  through  head  after 
4  min.  45  sec.  Connderable 
heating  noted. 

4 

86.700 

Heated  slightly. 

3 

86.700 

Punctured  through  head  after 
1  min.  5  sec. 

Flash-over  Voltage  Under  Spray  of  0.2  in.  (5  mm. 

)  PER  Minute  (Approximate) 

specimen  number 

Voltage  at  first 

Voltage  at  continuous 

intermittent    flash-over 

flash-over 

1 

46.350 

50,400 

2 

43.350 

48.400 

4 

45.350 

49,450 

7 

45.350 

49.450 

9 

44.350 

• 

48.400 

Maximum  Dielectric  Strength — Punctured  Under  Oil 

Specimen  number  Volts  at  puncture 

1  184.650 

2  110.900 
4  114.900 
7  88,700 
9  114.900 
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E.  E.  F.  Creighton:  The  importance  of  the  study  of  line 
insulators  is  obvious  to  the  engineer  of  electrical  transmissions. 
The  paper  of  Mr.  Sothman  is  of  a  different  nature  from  the  one 
by  Messrs.  Imlay  and  Thomas.  They  are  both  valuable  con- 
tributions to  a  subject  to  which  more  attention  is  needed  and 
has  been  needed  for  some  time  past. 

Instead  of  commenting  directly  on  these  papers  it  is  the  inten- 
tion of  the  writer  to  look  at  the  subject  from  still  another  view 
point,  in  an  endeavor  to  explain  the  theory  of  the  phenomena.  A 
correct  explanation  and  analysis  is  needed  to  aid  in  the  solution 
of  the  problem  of  insulator  design.  Much  of  the  following 
analysis  is,  however,  of  the  nature  of  hypothesis  based  on  obser- 
vations of  experiments  extending  over  a  period  of  several  years. 

Measurement  of  High -Frequency  Potentials.  Because  of  its 
prominence,  and  furthermore,  because  of  the  great  ignorance 
concerning  the  factors  entering  into  the  designs  and  tests  of  high- 
tension  line  insulators,  it  is,  probably,  the  most  important  ele- 
ment today  in  the  successful  transmission  of  power.  The 
known  factors  which  cause  a  line  insulator  to  fail  are  diversified. 
They  range  through  successive  steps  from  choice  of  material,  to 
the  nature  of  the  ai)plied  strains.  There  are,  probably,  factors 
to  which  we  have  not  given  name  or  even  recognition.  Further- 
more, we  have  a  ntmiber  of  fixed  ideas,  taken  from  standardized 
practise,  which  have  led  us  somewhat  astray.  The  most  impor- 
tant of  these  false  ideas  is  that  a  spark  gap  necessarily  represents 
the  voltage  given  in  the  Institute  rules.  Spark  gaps  have  been 
checked  many  times  since  Dr.  Steinmetz  made  the  original 
curves  and  have  been  often  used  at  generator  frequency.  No 
one,  so  far  as  the  writer  knows,  has  made  a  systematic  study 
of  the  relation  of  gap  length  to  voltage,  at  high  frequencies. 
There  is  a  difference.  In  general,  one  can  say  that  the  higher  the 
frequency  the  lower  the  potential  that  is  necessary  to  produce 
a  spark  acrOvSs  any  definite  spark  gap.  There  is,  possibly,  an 
upper  limit  of  frequency  above  which  the  reverse  law  holds: 
that  is  to  say,  with  any  further  increase  in  frequency  the  poten- 
tial to  produce  a  spark  across  any  definite  gap  may  actually  be 
on  the  increase.  The  foregoing  conclusion  is  based  on  reasoning 
from  the  standpoint  of  dielectric  spark-lag.  There  can  be  no 
question  as  to  the  reality  of  spark-lag.  It  has  been  measured 
indirectly^  Under  particular  conditions  the  writer  has  been 
able  to  so  magnify  it  as  to  measure  it  with  an  oscillograph  and 
even  with  a  stop  watch. ^ 

A  possible  explanation  of  how  the  potential  to  cause  a  spark  is 
increased,  as  the  time  of  alternation  of  the  high-frequency  oscilla- 
tions becomes  less  than  the  time  of  the  dielectric  spark-lag, 
follows. 

As  an  hypothesis,  it  is  assumed  that  if,  in  a  given  brief  time, 

1.  Disruptive  Strength  with  Transient  Voltages.  J.  L.  R.  Hayden  and 
C.  P.  Steinmetz,  Transactions  A.  I.  E.  E.,  1910,  XXIX,  II,   p.    1126. 

2.  See  Discussion,  Transactions  A.  I.  E.  E.,  1910,  XXIX,  II,  p.  1214. 
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ionization  has  taken  place  over  only  a  limited  zone  around  an 
electrode,  this  ionization  may  be  more  or  less  destroyed  by  each 
reversal  of  potential.  With  less  total  ionization  between  two 
electrodes  it  may  require  an  increased  potential  to  produce  a 
discharge. 

It  seems  probable  that  local  de-ionization  aroimd  a  spark 
accounts  for  the  fact  tKat  successive  sparks  in  air  between  elec- 
trodes or  around  an  insulator  choose  new  paths.  Each  high- 
frequency  spark  has  an  opportunity  to  cool  below  the  con- 
ducting temperature,  before  the  next  one  appears.  The  spark 
relieves  the  potential  strains  in  its  immediate  neighborhood. 
The  successive  spark  naturally  follows  a  path  that  is  left  part- 
ly ionized  by  the  previous  application  of  potential.  This  is 
some  new  path. 

Some  Problems  Relating  to  Standardization.  To  the  experi- 
menter, the  very  natural  question  arises  in  the  course  of  his  work 
— ^what  constitutes  a  discharge  as  a  basis  of  measurement?  In 
the  development  of  lightning  arresters  in  one  protective  appara- 
tus laboratory  the  engineers  have  found  it  expedient  to  measure 
the  current  and  potential  of  discharges  ranging  gradually  from 
a  few  billionths  of  an  ampere  up  to  a  thousand  amperes. 

The  discharge  of  lowest  current  is  the  invisible  conduction 
with  which  we  have  been  made  familiar  by  the  writings  and  work 
of  J.  J.  Thomson  and  others.  This  ionization  can  not  be  ignored 
while  we  are  in  search  of  a  stable  foundation  for  measurement. 
Under  certain  conditions  this  ionization,  which  is  for  convenience, 
in  testing  lightning  arresters,  termed  **  cold  **  ionization,  may 
affect  the  spark  potential  for  seconds  or  even  minutes  after  it 
has  been  produced. 

As  the  ciurent  is  ftirther  increased  there  appears  at  the  elec- 
trodes the  faintest  blue  brush  discharge,  sometimes  called  the 
'*  silent  discharge."  This  blue  brush  discharge  grows  into  a 
dense  blue  discharge  and  becomes  noisy.  As  the  ciurent  is 
still  further  increased  there  appear  little  white  threads  of  light 
in  the  denser  parts  of  the  brush  discharge.  In  the  next  stage  the 
blue  discharge  has  disappeared  and  there  is  nothing  seen  but  the 
whitish  spark.  The  spark  is  apparently  more  highly  conducting 
than  the  brush  discharge.  Further  increases  in  current  increase 
the  brilliancy  of  the  spark.  In  the  next  stage  a  crater  is  formed 
in  an  electrode  which  furnishes  arc  vapor.  As  the  current  den- 
sity increases  the  resistance  of  the  arc  decreases. 

During  these  different  stages  of  discharge  the  potential  across 
the  electrodes  has  risen  and  fallen  irregularly — sometimes  grad- 
ually and  in  a  few  points  abruptly. 

What  potential  of  discharge  is  to  be  used  as  a  basis  of  measure- 
ment?   I  see  no  answer  at  present. 

At  normal  frequencies  the  potential  that  will  cause  a  short- 
circuit  arc  is  the  one  chosen.  Everyone  who  has  tested  the 
dielectric  strength  of  oil  is  familiar  with  the  "  b.d.s.i.  "  spark 
(b.d.s.i.  =  break  down  at  short  intervals).     It  is  customary  to 
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neglect  these  small  preliminary  sparks  which  occur  before  the 
final  potential  of  complete  failure  is  reached. 

We  are  all  familiar  with  the  curves  of  spark  potential  of  needle 
gaps  and  sphere  gaps.  At  low  values  of  gap  length  it  requires 
more  potential  to  spark  the  sphere  gap  than  the  needle  gap.  But 
as  the  gap  lengths  become  greater  these  two  values  of  spark 
potentid  gradually  approach  each  other.    For  very  large  gaps 


J  i  5 

sphere  gap-inches 

between  two  h  in.  brass  rods  with  hemispherical  ends 

Figs.   12  and  13 

The  curves  in  Pig.  12  show  the  relation  of  spark  potential  of  a  needle  gap  and  a  sphere  gap 
at  frequencies  of  about  4.000.000  cycles  per  second  and  somewhat  less. 

I^g.  13  shows  the  general  connections  of  the  circuit .  With  no  inductance  in  series  with  the 
spark  gap  under  test,  the  relation  between  the  sphere  gap  and  the  needle  gap  is  given  by  the 
upper  curve.  This  curve  shows  the  same  general  relations  as  the  tests  at  60  cycles.  When, 
however,  the  inductance  is  placed  in  series,  as  shown  in  Pig.  13,  the  needle  gap  and  sphere 
gap  become  equal  in  lexigth  for  the  same  i>otential.  The  dotted  line  shows  the  relation. 
The  broken  line,  drawn  in  at  45  degrees  for  reference,  shows  the  position  of  the  curve  for 
equality  between  the  needle  gap  length  and  the  sphere  gap  length. 


there  is  very  little  difference  in  spark  potential  between  needles 
and  small  spheres  used  as  electrodes.  In  the  measurement 
of  high-frequency  discharges,  however,  the  conditions  of  test 
may  be  adjusted  to  give  practically  identical  curves  for  both 
the  sphere  and  needle  gaps.    (See  Figs.  12  and  13.) 

In  the  measurement  of  the  discharge  potential  of  a  multigap 
lightning  arrester,  as  shown  in  the  circuit  connection  of  Fig.  14, 
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the  potential  indicated  by  the  needle  gap  is  alwa\*s  mtich  higher 
than  the  potential  by  transformation.  Although  the  actaal 
potential  may  be  greater  than  the  value  given  by  the  ratio  of 
transformation  of  the  transformer,  there  is  evidence  to  show  that 
it  is  not  as  high  as  indicated  by  the  needle  gap. 

The  difference  between  the  two  values  of  potential  is  really  due 
to  the  oscillations  set  up  by  the  sparks  between  the  cylinders 
nearest  the  hne  terminals.  As  the  potential  of  the  transformer 
is  increased,  more  and  more  of  these  arrester-gaps  spark  over, 
until  finally  the  spark  nms  entirely  across  from  terminal  to 
terminal.  Since  it  requires  only  about  2000  volts  to  spark  over 
a  single  gap,  and  since  each  successive  gap  breaks  down  like 
the  fall  of  a  *'  card-house,"  it  is  reasonable  to  conclude  that  the 
oscillations  set  up  by  the  sparks  on  the  end  gaps  do  not  raise  the 
potential  by  more  than  a  few  per  cent.  Since  the  indications 
of  the  needle  gap  may  easily  be  50  to  100  per  cent  above  the 
potential  by  transformation,  one  must  necessarily  conclude  that 
the  high  frequency  causes  the  spark  across  the  needle  gap  to 
form  more  easily.     Other  examples  could  be  given,  but  the 
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Fig.    14 

Circuit  connections  for  showing  the  variations  in  needle  gap  when  local  high  frequencies 
are  superimposed  on  the  60-cycle  wave  of  potential. 

foregoing  is  sufficient  to  cast  doubt  on  the  needle  gap  as  a  device 
for  measuring  potentials  at  high  frequency. 

Let  us  look  next  to  the  use  of  the  electrostatic  voltmeter.  First 
of  all,  the  electrostatic  voltmeter  measures  effective  but  not 
maximum  values  of  potential  at  normal  frequencies.  At  high 
frequencies  the  usual  type  of  electrostatic  voltmeter  does  not 
seem  to  measure  anything.  To  illustrate:  an  electrostatic  volt- 
meter was  calibrated  on  60  cycles  and  found  approximately 
correct.  It  was  then  attached  to  a  200,000-cycle  Alexanderson 
generator  through  a  small  step-up  transformer.  At  three-quart- 
ers of  the  full  scale  deflection  it  sparked  over  and  thus  short- 
circuited.  Two  questions  arise — did  the  lower  potential,  as 
indicated  by  the  deflection,  cause  an  internal  spark  due  to  the 
better  conduction  of  the  air  under  high-frequency  stresses? 
Or,  did  the  excessive  value  of  brush  discharge  which,  due  to  high 
frequency,  occurred  at  the  edges  of  the  vane,  cause  an  erroneous 
deflection?  The  mechanical  repulsion  of  the  brush  discharge  on 
the  edges  of  the  vane  might  naturally  prevent  the  vane  from 
moving  up  to  the  position  corresponding  to  the  impressed  po- 
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tential.    Thus  the  standard  electrostatic  voltmeter  fails  in  its 
application  to  high-frequency  measurements. 

In  all  these  measurements,  it  may  incidentally  be  noted,  there 
is  always  the  possibility  of  the  occurrence  of  localized  resonance. 
A  stationary  wave  might  raise  the  potential  locally  to  nearly 
double  value. 

Theory  of  Discharge  at  an  Insulator 

The  electrostatic  strains  on  an  insulator  under  test  cause  two 
well-known  distinct  phenomena: 

1.  A  direct  stress  through  the  porcelain. 

2.  Corona  streamers  over  the  surface. 

1 .  The  Stress  through  the  Porcelain,  This  presents  no  espe- 
cial diflBculty  in  its  analysis,  so  long  as  we  do  not  insist  on  knowing 
too  intimately  the  sub-atomic  processes.  There  are  two  met^ 
siuiaces  separated  by  solid  porcelain.  In  the  intense  field  the 
potential  gradient  between  the  metal  parts  is  fairly  uniform.  At 
the  sharp  edges  of  the  metal,  such  as,  for  example,  the  pin  of  an 
insulator,  there  is  a  local  concentration  of  static  stress,  which 
may  be  the  cause  of  the  beginning  of  a  failure  by  puncture. 

If  there  is  a  flaw  in  the  porcelain  in  the  strong  part  of  the 
electrostatic  field,  natiu*ally,  this  locates  the  path  of  pimcture. 
If  the  flaw  is  outside  the  strong  part  of  the  field,  ptmcture  is  a 
matter  of  accident.  The  probabilities  of  puncture  under  this 
condition  will  be  discussed  later,  as  it  comes  under  the  category 
of  superficial  discharge. 

What  is  a  flaw  in  the  porcelain?  What  produces  flaws?  How 
are  flaws  to  be  distinguished  from  universally  weak  porcelain? 
These  are  questions  that  should  be  answered  by  the  manufac- 
turer of  porcelain  for  electrical  purposes.  My  understanding 
of  the  situation  at  present  is  that  they  arc  all  too  busy  manu- 
facturing porcelain  to  spare  the  time  for  anything  else.  The 
possibility  of  studying  this  subject  carefully  is  not  given  to  many 
engineers.  The  man  who  should  know  is  the  operator  of  a  fur- 
nace. The  processes  have  been  developed  by  cut  and  try 
methods  and  even  at  the  scientific  "  best ''  the  temperature 
throughout  a  furnace  in  practise  may  vary  from  top  to  bottom 
and  from  center  to  edge.  The  problem,  it  seems,  in  firing  por- 
celain is  to  raise  the  temperature  to  a  point  such  as  to  soften  the 
porcelain  and  sinter  it  into  a  solid  mass  and  yet  not  go  so  far 
above  this  temperature  as  to  make  the  porcelain  melt  down. 
**  Under-firing"  produces  weak  porcelain  containing  flaws,  and 
the  insulators  are  punctured  in  subsequent  test.  **  Over-firing  " 
allows  the  insulator  to  warp  out  of  shape  and  it  is  scrapped  before 
it  comes  to  test. 

Flaws  may  come  also  from  local  impurities,  insufficient  curing 
before  firing,  improper  dimensions,  or  improper  rate  of  firing. 

Irrespective  of  other  factors,  there  is  a  marked  effect  resulting 
from  the  periodicity  of  the  potential  of  test.  Our  tests  have  not 
shown  directly  that  dielectric  hysteresis  in  porcelain  is  a  factor. 
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because  there  is  no  method  of  predetermining  the  presence  of 
a  flaw.  The  fact  that  puncture  is  most  liable  to  occur  in  spots 
that  are  not  initially  at  the  maximum  electrostatic  stress  would 
lead  one  to  believe  that  it  is  most  frequently  the  accidental 
flaw  or  locally  weak  spot  that  fails,  rather  than  a  damage  to  the 
good  porcelain  resulting  from  the  rapid  alternation  of  potential. 
However,  on  the  other  hand,  in  using  a  battery  of  glass  Leyden 
jars,  the  evidence  seems  conclusive  that  when  a  high-frequency 
discharge  takes  place  it  is  the  heating  effect  of  hysteresis  or  at 
least  the  alternating  effect  of  the  high  frequency  which  causes 
puncture.  Leyden  jars  have  withstood  more  than  five  times  as 
much  undirected  potential  as  alternating  potential.  The  fre- 
quency was  about  a  million  cycles  per  second.  These  statements 
have  reference  specifically  to  very  high  frequencies.  The 
difference  between  25  cycles  and  60  cycles  is  relatively  negligible. 
By  inductive  reasoning  from  experiment  it  seems  certain  that 
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Fig.    15 

Illustration  of  the  spark  which  takes 
place  when  the  air  is  over-stressed.  The 
arc  is  prevented  by  the  fact  that  the 
I>oicelain  has  a  greater  dielectric  strength 
than    air. 
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Fig.    16 

This  illustrates  at  the  comer  of  the 
electrode  the  dense  field  which  has  a  com* 
ponentparallel  to  the  surface  of  the  porce- 
lain. When  the  potential  gradient  reaches 
the  critical  value  for  air  a  horizontal 
spark  starts  along  the  porcelain. 


high  frequency  is  more  severe  on  the  flaws  in  porcelain  than  low 
frequency.  At  the  surface  checks  and  flaws  the  possibility  of 
damage,  then,  is  increased  not  only  by  the  greater  potential 
gradient  due  to  the  depth  of  the  flaw  but  also  by  any  increase 
in  the  frequency  of  oscillation. 

2.  Corona  Streamers  over  the  Surface  of  an  Insulator.  It  is 
evident  that  if  an  insulator  must  fail,  it  should  do  so  by  spark- 
ing around  through  the  air  rather  than  by  puncture.  There  are 
two  important  questions:  What  makes  the  arc  go  around? — and, 
what  forms  or  designs  favor  this?  Mr.  A.  O.  Austin,  as  stated  in 
his  paper*  at  the  Chicago  convention,  1911,  used  a  working 
theory  of  surface  resistance  to  aid  in  improving  the  design. 
Where  the  surfaces  are  wet,  and  they  are  usually  more  or  less 

^Thc  High-Efficiency  Suspension  Insulator,  Transactions  A.  I.  E.  E., 
1911.  XXX.  Ill,  p.  2303. 
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moist,  there  is  a  real  surface  resistance  that  must  be  taken  into 
account.  Putting  aside  the  matter  of  rain  tests,  there  is  a 
phenomenon  of  discharge  over  the  surface  which  I  think  can  be 
distinguished  from  conduction  by  "  surface  resistance/*  This 
is  shown  in  several  gradations  in  Figs.  15,  16  and  17.  The 
requisite  parts  to  give  this  phenomenon  are  two  electrodes 
in  air  and  a  sheet  of  insulation  separating  them.  A  primary 
requisite  of  the  insulation  is  a  dielectric  strength  greater  than  air. 
If  at  the  same  time  the  insulation  has  a  dielectric  constant  greater 
than  air,  this  greater  constant  will  also  tend  to  magnify  the  sur- 
face corona  on  the  sheet  of  insulation.  In  Fig.  15,  it  is  assumed 
that  the  insulation  is  of  porcelain  which  has  a  dielectric  strength 
seven  times  as  great  as  air  and  a  dielectric  constant  four  times 
that  of  air.  As  the  difference  of  potential  on  the  electrodes  is 
gradually  increased,  the  air  breaks  into  a  conducting  spark,  but 
there  is  no  damage  to  the  porcelain  as  it  is  at  only  one-seventh 
of  its  dielectric  strength. 
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Fig.    17 

This  represents  a  single  spark  running 
out  from  the  electrodes  along  the  surface 
of  the  porcelain  and  the  electrostatic  field 
at  the  advance  points  of  the  spark  which 
causes  it  to  continue  to  move  forward 
along  the  surface  of  the  porcelain. 


Fig.   18 

This  shows,  for  the  purpose  of  analysis . 
an  artificial  separation  of  the  capacity 
between  two  electric  sparks  into  four 
zones.  The  use  of  this  figure  is  explained 
in  the  text. 


As  the  potential  gradient  at  the  edges  of  the  electrodes  rises 
(Fig.  16),  the  air  will  be  put  under  more  and  more  stress.  Since 
the  porcelain  conducts  the  displacement  current  four  times  as 
readily  as  air,  it  tends  to  draw  the  electrostatic  lines  in  air 
closer  to  the  edge  of  the  electrodes  and  thus  increase  the  density 
there. 

Fig.  17  represents  the  condition  when  the  horizontal  electro- 
static forces  at  the  surface  of  the  electrode  reach  a  gradient  above 
30  kv.  per  cm.  This  causes  a  spark  to  run  out  along  the  porce- 
lain on  each  surface,  in  the  same  relative  position.  Since  the 
spark  is  more  or  less  of  a  conductor  of  electricity,  the  electrostatic 
lines  will  extend  beyond  its  outermost  point  and  thus  will  con- 
tinue to  overslTLiiii  the  air,  in  advance  of  the  extending  spark. 
This  overstrain  turns  into  a  brush  discharge  and  then  a  spark 
discharge.  Thus  the  spuvk  length  gradually  but  rapidly  grows. 
As  a  distinguishing  mark  this  surface  spark  will  be  called  creeping 
spark.    If  there  were  no  losses  of  energy  to  weaken  the  spark  it 
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might  be  possible  to  spark  over  an  indefinitely  extended  surface 
merely  by  raising  the  potential  gradient  of  the  electrodes  above 
the  dielectric  strength  of  the  air. 

What  gives  the  spark  its  volume  or  intensity  of  current? 
The  growth  of  the  corona  spark  consists  in  supplying  new  elec- 
trostatic condensers  with  electric  charge.  The  sparks  on  opposite 
sides  of  the  porcelain  form  the  plates  of  a  condenser. 

For  the  sake  of  convenience  the  length  of  a  given  spark  (Fig. 
18)  is  divided  into  four  arbitrary  zones  and  so  numbered.  When 
the  spark  first  reached  the  capacity  of  zone  1  it  was  carrying 
current  to  charge  condenser  1.  As  soon  as  condenser  1  became 
charged,  the  current  in  the  spark  would  have  dropped  to  zero  if 
it  had  ceased  to  move  forward  toward  the  next  zone.  Its  move- 
ment into  a  new  zone  necessitated  a  further  supply  of  electricity 
to  the  capacity  of  that  zone. 

When  the  spark  reaches  zone  4  it  may  be  that  the  condenser 
of  zone  3  has  not  yet  received  its  full  charge,  due  to  the  drop  in 
potential,  along  the  spark,  from  the  electrodes  to  zone  3. 
If  the  spark  increases  in  conductivity  zone  3  will  get  more 
potential,  and  therefore,  more  charge.  As  a  result  of  this  con- 
dition the  spark  tends  to  attenuate  as  its  length  increases.  One 
might  say  that  the  attenuation  is  due  principally  to  the  drop 
of  potential  along  the  spark. 

So  far,  we  have  considered  only  the  first  impulse  that  starts 
the  spark — the  equivalent  of  applying  a  constant  direct  poten- 
tial to  the  electrodes.  The  lag  in  the  formation  of  the  spark  at 
the  point  gives  a  limit  to  the  current  that  is  drawn  through  the 
spark.  If,  however,  the  applied  potential  is  rapidly  alternated, 
then  the  condensers  fonned  by  the  sparks  as  electrodes  must  be 
supplied  with  new  charges  of  opposite  sign  at  each  alternation. 
When  the  electric  charge  changes  from  positive  to  negative 
(or  vice  versa)  the  current  supplying  the  charges  does  not  change 
in  direction.  For  this  reason,  and  others,  the  current  in  the 
second  impulse  will  be  much  greater  than  in  the  first. 

If  the  alternations  are  sufficiently  rapid  to  prevent  complete 
de-ionization  of  the  spark  streak,  each  subsequent  alternation 
will  find  a  spark  path  already  partially  made  and  consequently 
the  re-establishment  of  the  spark  will  be  facilitated.  Since  the 
creeping  spark  forms  with  less  obstruction  it  will  be  able  to 
extend  itself  farther  from  the  electrode  than  it  would  at  a  lower 
frequency. 

If  we  knew  that  the  spark-lag  was  located  mostly  in  the 
initial  dark  discharge  rather  than  in  the  subsequent  blue  brush 
discharge,  we  would  be  in  a  position,  at  this  stage  of  the  hypoth- 
esis, to  state  that  the  higher  frequency  would  lessen  the  spark- 
lag.  Further  studies  of  creeping  spark-lag  are  needed  to  under- 
stand the  details  of  the  discharge  over  insulators. 

As  the  frequency  of  oscillation  increases,  there  is  no  doubt 
that  the  creeping  sparks  are  magnified  in  intensity  and  in  length. 
Furthermore,  their  location  is  somewhat  detenninod  by  the 
frequency. 
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Does  this  magnification  of  the  creeping  spark  always  increase 
as  the  frequency  increases?  Exact  experimental  data  are  lacking. 
Since,  however,  we  are  launched  into  an  hypothesis  it  may  he 
extended  to  cover  the  condition  of  extremely  high  frequency. 
So  far,  frequencies  of  the  order  of  only  100,000  cycles  per  sec. 
have  been  considered  (wave  lengths  about  J  mile  long).  The 
matter  hinges  on  two  factors,  the  rate  of  creeping  of  the  spark, 
and  the  possibility  of  having  a  wave  length  less  than  the  length 
of  the  creeping  spark. 

We  do  not  know  the  rate  of  creeping  of  the  spark,  but  if  the 
wave  length  is  less  than  the  distance  to  the  edge  of  the  porcelain 
it  is  highly  improbable  that  the  creeping  spark  could  extend 
beyond  a  half  wave  length.  The  energy  loss  in  the  spark  is  so 
great  relatively  to  the  energy  stored  in  the  capacity  of  the 
creeping  spark  that  probably  little  of  the  energy  returned  from 
this  local  condenser  would  be  available  to  extend  the  spark.  (A 
spark  wave  6  in.  (152.4  mm.)  long  has  a  frequency  of  the  order 
of  24  million  cycles  per  sec). 

Ftirthermore,  with  such  high  frequencies  the  decrement  due 
to  the  resistance  of  skin  effect  in  the  conductor  must  be  very 
high  and  may  need  to  be  taken  into  account.  Although  it  can 
not  be  considered  as  settled,  it  seems  tenable  to  assume  that 
beyond  a  certain  very  high  frequency  of  imknown  value  the 
creeping  sparks  begin  to  lessen,  but  at  the  same  time  the  danger 
of  puncture  fnay  also  lessen. 

The  Effect  of  Surface  Conduction  as  Distinct  from  the  Effect 
which  Causes  the  Creeping  Spark,  If  the  top  surface  of  the 
porcelain  shown  in  Fig.  17  is  covered  with  rain  water  the  electro- 
static forces  will  be  distributed  over  the  surface  by  the  conduc- 
tion of  the  water.  This  will  change  the  electrostatic  field  on  the 
under  side  of  the  jDorcelain.  The  current  in  the  creeping  spark 
on  the  lower  side  must  be  drawn  through  the  water  on  the  upper 
side.    This  brings  into  effect  the  surface  resistance. 

The  general  effect  of  placing  a  good  conductor  over  one 
surface  of  the  porcelain  is  to  facilitate  the  formation  of  creeping 
sparks  from  a  narrower  electrode  on  the  other  side. 

Impressed  Potential,  Creeping  Spark-Lag,  and  Dielectric 
Spark-Lag.  In  these  three  factors  is  the  crux  of  the  problem. 
To  assist  in  establishing  the  relations,  a  specific  hypothetical 
problem  is  assumed.  A  gradually  increasing  potential  applied 
to  an  insulator  makes  it  spark  around  at  100,000  volts,  at  60 
cycles.  Under  oil  the  head  of  the  insulator  punctures  at  130,000 
volts  at  60  cycles.  Under  oil,  again,  an  identical  insulator 
tested  at  high  frequency  punctures  at  120,000  volts,  due  to  the 
more  energetic  effect  of  high  frequency  in  puncturing.  (We  have 
no  standard  for  measuring  high-frequency  potential  and  we  do 
not  know  what  frequency  will  cause  a  decrease  in  the  puncture 
potential  from  130,000  volts  to  120,000  volts,  but  the  equivalent 
condition  exists.) 

Now,  with  the  insulator  in  air,  if  any  i)otential  between  100,000 
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and  130,000  volts  at  60  cycles  is  applied,  the  creeping  spark  will, 
in  due  time,  caiise  the  insulator  to  "  arc  around."  If  a  certain 
high  frequency  between  100,000  and  120,000  volts  is  applied 
the  restilt  will  be  the  same. 

But  if  more  than  130,000  volts  at  60  cycles  is  applied,  the 
insulator  will  puncttire  if  the  dielectric  spark-lag  of  the  porcelain 
is  less  than  the  lag  of  the  creeping  spark.  The  same  relation 
should  hold  for  the  high-frequency  test.  Herein  are  four  factors 
to  be  determined:  1 .   The  law  of  decrease  in  creepage  spark- 

lag  with  potential. 

2.  The  law  of  decrease  of  creepage  spark-lag  with  increase 
of  frequency. 

3 .  The  law  of  decrease  of  dielectric  spark-lag  in  the  porcelain 
for  increase  in  potential. 

4.  The  law  of  decrease  of  dielectric  spark-lag  in  the  porcelain 
for  increase  in  frequency. 

A  design  must  be  made  which  gives  a  low  value  of  lag  to  the 
creeping  spark. 

Methods  op  Testing  Insulators 

1.  Generator  at  25—60  cycles,  step-up  transformer,  and 
increase  of  potential  by  variable  excitation. 

2.  Generator  at  100,000  cycles,  step-up  transformer,  and 
increase  of  potential  by  variable  excitation. 

3.  Single  sudden  disruptive  discharge  from  Leyden  jars 
(or  equivalent).  Source  of  power  a  static  machine  or  other 
direct  current. 

4.  Oscillating  transformer  supplied  with  power  at  60  cycles. 

5.  Multiple  disruptive  discharges  from  a  condenser  charged 
by  potential  from  a  transformer  at  60  cycles. 

The  choice  of  a  method  has  been  dictated  at  times  by  its 
availability.  Among  the  five  there  are  some  which  give  equiva- 
lent effects.  From  the  analysis  of  the  problem  already  given, 
there  are  certain  characteristics  that  are  desirable  to  give  the 
insulators  certain  kinds  of  strains.     These  are: 

1 .  Gradually  increasing  potential  at  60  cycles. 

2.  Gradually  increasing  potential  at  high  frequency. 

3.  Suddenly  applied  potential  {less  than  puncture  value)  at 
high  frequency. 

4.  Suddenly  applied  potential  (greater  than  puncture  value) 
at  high  frequency. 

The  test  for  pimcture  of  an  insulator  under  oil  is  not  one  to 
be  included  as  a  standard  test.  Although  it  has  a  value  in 
investigations  of  the  dielectric  strength  of  porcelain,  it  has  no 
practical  value  for  general  use,  due  simply  to  the  artificial  con- 
dition it  imposes.  The  oil  cuts  off  the  natural  relief  path  over 
the  surface  of  the  insulator  which  it  is  desirable  that  the  dis- 
charge should  take.  The  criterion  of  quality  in  an  insulator 
depends  exactly  on  this  relation,  namely,  that  the  insulator 
shall  spark  around  rather  than  puncture  under  the  application 
of  sudden  excessive  potentials  of  high  frequency. 
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What  Value  of  High  Frequency  should  be  Used?  This  is  an 
open  question.     It  may  be  regarded  from  three  standpoints: 

First  (the  present-day  standpoint),  the  insulators  are  made 
to  withstand  gradually  applied  potential  at  60  cycles  with  a 
resultant  flash  around  the  insulator  through  the  air.  They  have 
sometimes  a  further  imposed  test.  This  is  an  endurance  nm  at 
a  potential  somewhat  below  the  potential  which  causes  a  "  flash- 
around.'*  The  fairness  or  need  of  this  test  might  well  be  ques- 
tioned. The  insulator  is  never  subjected  to  such  a  strain  in 
practise.  So  far,  then,  it  is  not  a  fair  test.  If  the  test,  however, 
is  equivalent  to  some  strain  that  actually  occurs,  such  as  the 
oscillation  of  an  arcing  ground,  or  if  the  test  is  necessary  at  the 
factory  to  eliminate  weak  porcelain,  it  must  be  proved  so. 

The  assumption  is  made  in  the  above  test,  wittingly  or  other- 
wise, that  lightning  occurs  very  infrequently  and  cannot  be 
allowed  for  in  the  construction  of  the  insulator. 

Second,  from  the  standpoint  of  protection,  the  insulators 
should  be  made  to  withstand  the  sudden  high-frequency  poten- 
tials of  lightning.  What  are  these  conditions  exactly?  Nobody 
knows  and  no  one  is  willing  to  imdertake  the  expense  of  the 
investigation.  A  little  is  known,  but  the  imposition,  blindly,  of 
any  arbitrary  high-frequency  test  may  be  unfair. 

Third,  from  the  manufacturers'  standpoint,  it  is  a  question 
of  production.  How  many  insulators  will  be  left  after  the  high- 
frequency  test  is  made?  One  answer  is,  it  depends  on  the  design. 
Many  insulators,  however,  of  a  design  particularly  adapted  to 
high  frequency  may  even  be  punctured  if  the  imposed  test  is 
sufficiently  severe.  What  potential  in  excess  of  the  average 
puncture  potential  of  the  porcelain  is  to  be  applied?  How  long 
is  the  application  to  be  made?  How  sudden  must  be  the  appli- 
cation of  potential? 

Known  and  Speculative  Conditions  of  Strain  on  Line  Insulators, 
Putting  aside  normal  conditions  of  potential  as  being  so  safe  to 
the  insulator  as  to  require  no  comment,  there  are  left  two  types 
of  abnormal  strains:  namely,  lightning,  and  surges  from  arcing 
grounds. 

In  the  extreme,  the  value  of  potential  and  suddenness  of 
application  of  a  direct  stroke  of  lightning  may  be  said  to  be 
greater  than  anything  we  can  produce  in  test.  In  other  words, 
the  most  severe  potential  test  of  the  laboratory  is  permissible. 
On  the  other  hand,  the  time  of  application  is  short.  It  is  usual 
to  have  several  successive  lightning  discharges  in  a  fraction  of 
a  second.  The  frequency  is  imknown.  Dr.  Steinmetz's  calcula- 
tions and  our  uncertain  tests  put  the  value  at  perhaps  a  half- 
million  cycles.  This  frequency,  for  other  reasons,  may  be  higher 
than  should  be  used  in  test. 

The  surges  from  arcing  grounds  are,  fundamentally,  of  more 
moderate  values,  although  they  may  have  superimposed  upon 
them  ripples  of  much  higher  frequencies.  For  the  oscillation 
of  a  line  one  may  find  1000  to  20,000  cycles  per  sec;   for  the 


2210  HIGH-TENSION  INSULATORS  [Dec.    13 

oscillation  of  a  transformer,  frequencies  of  the  order  of  20,000 
cycles;  for  the  oscillation  of  a  coil  of  a  transformer,  frequencies 
of  the  order  of  100,000  cycles  i)er  sec.  Except  for  the  particular 
condition  of  resonance,  the  potential  of  these  surges  may  be 
considered,  tentatively,  at  least,  as  double  the  delta  potential; 
the  time' of  application  as  J  sec,  where  the  arcing  ground 
suppressor  is  used,  find  several  minutes,  otherwise.  How  to 
measure  in  test  the  potential  of  this  high  frequency  is  yet  to  be 
determined. 

General  Effects  Found  in  Iligh-Frequency  Tests  of  Insulators, 
As  the  frequency  of  the  applied  potential  increases  there  is  an 
increased  tendency  for  sparks  in  the  air  to  cling  to  the  surface 
of  the  porcelain  in  the  form  of  creeping  sparks.  For  example, 
a  pin  type  insulator  consisting  of  several  pieces,  when  tested  on 
60  cycles,  had  a  spark  formed  over  the  upper  surface  of  the  top 
skirt,  but  at  the  edge  the  spark  jumped  straight  to  the  pin. 
When  the  same  insulator  was  tested  on  200,000  cycles  the  spark 
followed  every  surface  on  the  three  skirts. 

On  other  insulators  of  the  suspension  type  having  several 
concentric  rings  of  petticoats  under  the  skirt  the  very  high 
frequency  would  cause  the  spark  to  follow  the  long  path  over 
the  surfaces  of  these  petticoats  rather  than  jump  from  edge  to 
edge  as  it  does  when  a  lower  frequency  is  applied. 

There  is,  fundamentally,  a  great  dilTorcnco  between  .the  tests 
at  60  cycles  and  the  high-frequency  tests,  not  yet  brought  out. 
This  comes  from  the  nature  of  the  circuits.  In  the  60-cvcle  test 
the  first  s])ark  is  usually  folio wt'd  by  an  arc  which  necessitates 
opening  the  circuit.  The  arc  potential  is  always  much  less  than 
the  spark  potential,  so  the  instant  the  arc  forms  the  potential 
strain  on  the  insulator  is  relieved.  Furtliermore,  there  is  usuallv 
but  a  single  streak  or  sjjark  for  eacli  lest.  In  the  high-frequency 
tests,  successive  sparks  are  being  ra])ifny  formed  and  extinguished. 
If  the  i)arts  are  synmietrieal  this  s])ark  fonns  continually  in 
new  positions.  It  follows  I  lie  surfaces.  The  insulator  is  literally 
bathed  in  a  succession  of  sparks  wliicli  feel  for  weak  spots 
everywhere  in  the  porcelain.  One  test  of  this  kind  may  be  made 
the  equivalent  of  a  thousand  tests  at  ()0  cycles- -everytliing  else 
in  the  comparison  being  neglected.  (This  bathing  of  the  insu- 
lator in  sparks  was  shown  in  the  demonstration  tests  made  at 
the  mee^ting  by  Mr.  Stewart  Thomson  and  Mr.  II.  E.  Nichols.) 

Summary  and  Some  Conclusions 

The  prolmble  relation  of  spark  jjotential  to  gai>  length  may 
perhaps  be  expressed  as  follows:  With  a  given  length  of  gap,  the 
potential  to  cause  a  spark  decreases  as  the  frequency  increases, 
up  to  a  limited  value  of  high  frequency.  Above  this  critical 
frequency  the  potential  to  cause  a  spark  hicr eases  with  a  further 
increase  in  frequency.  This  change  in  the  law  probably  comes 
from  dielectric  s|)ark-lag. 

Neither  the  needle  gap  nor  the  usual  electrostatic  voltmeter 
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measures  high  potential  at  high  frequencies.  Furthermore, 
due  to  resonant  effects  in  a  transformer,  the  ratio  of  the  trans- 
former is  also  unreliable. 

The  subject  of  insulator  tests  is  divided,  primarily,  into: 
first,  the  direct  strains  on  the  ■  molecular  structure  of  the  por- 
celain, with  a  consideration  of  the  weakening  effect  of  flaws, 
and,  second,  the  creeping  spark  which  forms  over  the  skirts  of 
the  insulator.  A  jump  spark  10  cm.  long  will  easily  turn  into  a 
creeping  spark  50  cm.  long. 

There  are  four  factors  of  importance  to  be  considered  in  con- 
nection with  the  testing  of  an  insulator.  First,  there  is  the  actual 
value  of  potential.  It  must  be  above  the  puncture  value  to 
have  any  possibility  of  causing  puncture.  The  frequency  must 
herein  be  taken  into  account.  The  second  important  factor  is 
the  suddenness  of  application  of  potential.  The  third  important 
factor  is  the  spark -lag  of  the  creeping  spark,  and  the  fourth,  the 
dielectric  spark-lag  of  the  porcelain  to  puncture. 

Assuming  that  the  application  of  super-spark-potential  is 
suddenly  made  in  a  time  less  than  the  time  of  spark  lags,  then 
there  are  two  possible  results.  If  the  dielectric  spark-lag  of  the 
porcelain  is  less  than  the  lag  in  the  formation  of  the  creeping 
spark,  the  porcelain  punctures.  If,  on  the  other  hand,  it  is 
greater,  the  spark  passes  around  the  skirts  and  relieves  the 
potential  strains. 

There  arc  five  different  methods  of  test  given.  When  the 
design  of  insulators  makes  it  practicable,  these  tests  can  be 
reduced  to  one.  If  a  porcelain  insulator  will  stand  a  sudden 
application  of  high-frequency  potential  above  the  puncture 
value  (for  short,  a  super-spark-potentinl)  without  puncturing 
the  porcelain,  it  will  withstand  any  of  the  other  tests.  No 
standardization  of  test  is  possible  at  the  present  time.  More 
experimental  work  must  be  done. 

The  most  severe  strain  is  that  of  lightning.  Heating  by  the 
dynamic  arc  which  follows  the  lightning  stroke  may  break  an 
insulator  but  there  is,  in  general,  no  necessity  of  allowing  the 
arc  to  play  long  enough  to  do  this. 

The  high-frequency  test  has  the  advantage  of  giving  many 
successive  strokes  which  cause  shifting  creeping  sparks.  These 
shifting  creeping  sparks  search  out  the  flaws  in  the  skirts. 

In  the  demonstration  tests  made  bv  Mr.  Thomson  and  Mr. 
Nichols,  a  frequency  of  180,000  cycles  from  an  oscillation  trans- 
former was  applied  successively  to  several  pin  insulators  and  to 
a  pair  of  suspension  insulators.  The  usual  result  of  the  test  on 
the  pin  type  was  to  i)uncture  one  skirt  after  another,  until  the 
last  one  was  left.  A  single  skirt  withstands  the  high-frequency 
strains  better  than  two  or  more.  The  suspension  type  insulators 
in  test  refused  to  puncture,  although  the  discharges  were  passed 
over  them  for  nearly  a  minute.  In  every  case  most  of  the  sparks 
crept  over  the  surface  of  the  porcelain.  These  effects  are  shown 
in  Figs.  19  and  20. 
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H.  Winfield  Secor  (by  letter) :  This  paper  on  the  high-fre- 
quency testing  of  high-voltage  insulators  seems  of  prime  import- 
ance, and  it  is  a  matter  that  should  be  followed  up  closely  by 
both  manufacturers  and  engineers. 

Referring  to  Mr.  Lincoln's  remarks,  in  regard  to  whether  the 
current  applied  to  the  insulator  imder  such  high-frequency  test 
as  described,  really  was  impressed  at  a  potential  of  as  great  a 
periodicity  as  mentioned  by  Mr.  Thomas,  I  would  say  that  in 
accordance  with  Thompson's  well-known  equations,  applying 
to  an  oscillation  circuit  such  as  employed  by  Mr.  Thomas, 
which  is  not  greatly  different  from  the  ordinary  wireless  trans- 
mitting circuit,  the  following  holds  true: 

Mr.  Thomas'  arrangement  of  the  high-frequency  test  com- 
prises a  closed  oscillating  circuit,  and  whether  or  not  an  alterna- 
ting— or,  if  you  please,  an  oscillating — siu'ge  is  caused  to  be  set 
up  in  that  circuit  and  to  act  on  the  insulator  under  test  depends 
upon  whether  or  not  the  resistance,  squared,  of  the  closed  oscilla- 
tion circuit  is  smaller  than  foiu*  times  the  inductance  divided 
by  the  capacity  of  the  circuit.  In  case  it  is  smaller  the  condenser 
discharge  is  oscillatory  or  alternating  in  character,  but  if 


then  the  condenser  discharge  is  not  alternating  or  oscillating 
in  character.  In  view  of  this  it  seems  quite  probable  that  the 
insulator  is  not  always  subjected  to  a  high-frequency  alternating- 
current  test,  as  the  oscillation  period  of  this  circuit  is  a  function 
partly  of  the  capacity  of  the  insulator  being  tested,  and  partly 
of  its  resistance. 

Having  these  conditions  under  which  to  work,  the  number  of 
shocks  in  a  given  time  to  which  the  insulator  is  subjected  can 
be  foimd  by  means  of  a  wavc-mctcr  calibrated  to  read  frequency 
per  second,  instead  of  wave  length,  provided,  of  course,  that 
the  circuit  conforms  to  the  above-mentioned  rule  so  that  the 
condenser  discharge  is  oscillatory  or  alternating.  In  this  con- 
nection I  believe  the  new  direct-reading  wave-meter,  developed 
by  Dr.  Seibt  of  Germany,  would  be  of  ser\4ce,  indicating  in  a 
similar  manner  to  the  ordinary  direct-reading  instruments,  by 
means  of  a  pivoted  needle  moving  over  a  graduated  scale,  the 
wave  length  at  any  instant,  and  conversely  the  frequency  of 
the  alternations,  or,  also,  the  number  of  shocks  applied  in  a  given 
time  to  the  insulator  being  tested.  As  suggested  by  Mr.  Lincoln, 
a  decrease  in  each  train  of  waves  or  oscillations  takes  place,  and 
the  peaks  of  the  decreasing  waves,  equivalent  to  each  half-cycle 
of  transformer  primary  current,  follow  a  logarithmic  curve,  and 
the  logarithmic  decrement  may  easily  be  determined  by  means 
of  a  Marconi  decremeter.  At  the  frequency  mentioned  in  Mr. 
Thomas's  paper,  viz.:  1,000,000  cycles  per  second,  the  wave 
length  is  300  m.,  as  the  velocity  of  ether  waves  is  300,000,000  m. 
per  sec,  and  this  wave  length  is  easily  read  on  any  ordinary 
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wave-meter,  or  on  Dr.  Seibt's  instriiment,  also  much  lower  wave 
lengths  corresponding  to  several  million  cycles  per  second. 
Lightning  discharges  have  a  very  high  frec^uency,  generally,  and 
a  varying  potential  that  is  enorpious,  and  in  view  of  this  it  does 
not  seem  that  insulators  will  ever  be  built  that  can  be  guaranteed 
to  stand  any  lightning,  but  these  high-frequency  tests  are  certainly 
a  long  step  in  advance  and  are  to  be  highly  commended,  in  my 
mind. 

E.  S.  Lincoln  (by  letter) :  I  noticed  with  particular  interest 
Mr.  Sandford's  remarks  relative  to  a  laboratory  for  high-voltage 
investigations,  and  I  wish  to  state  at  this  time  that  such  a 
laboratory  is  under  construction.  It  will  be  fitted  for  both  testing 
and  research  work,  with  a  special  department  for  high- voltage 
investigations.  The  maximum  potential  will  be  1 ,000,000  volts  at 
60  cycles  with  a  capacity  of  1000  kv-a.  Details  of  this  laboratory 
will  be  furnished  to  the  Institute  in  the  near  future,  but  I  wish 
to  mention  the  fact  at  this  time  so  as  to  inform  those  who  are 
interested  in  this  subject  that  they  will  have  the  facilities  for 
making  any  test  that  they  may  desire. 

Ford  W.  Harris  (by  letter) :  I  should  like  to  ask  if  it  is  possible 
to  add  to  Mr.  Sothman's  paper,  or  rather  to  the  tabulation,  a 
colimin  showing  the  number  of  sections  tested.  That  is,  the 
nimiber  of  different  insulators  actually  tested.  This  is  important, 
as,  if  all  the  insulation  tests  were  made  on  a  single  string,  a  con- 
siderable error  might  be  involved  due  to  peculiarities  of  the 
insulators  involved.  In  dealing  with  a  problem  of  this  nature 
average  results  are  sought  after  and  the  only  way  to  get  average 
results  is  to  test  a  considerable  ntunber  of  sections. 

The  second  point  that  would  seem  to  me  to  be  pertinent  is 
the  question  of  the  costs  of  the  various  types  involved.  For 
example  the  insulator  "  type  A  "  would  appear  to  be  materially 
cheaper  than  those  having  a  metal  cap,  and  it  might  be  that, 
by  using  a  larger  number,  the  same  or  better  protection  could 
be  obtained  at  lower  cost.  In  considering  this  phase  of  the 
matter  the  additional  cost  of  structure  to  accommodate  the 
longer  length  of  string  would  also  have  to  be  considered.  What 
the  power  user  is  resJly  buying  is  insulation,  and  a  little  addi- 
tional information  from  Mr.  Sothman  would  be  interesting. 

I  have  not  had  any  considerable  experience  with  transmission 
lines  but  have  used  a  considerable  number  of  insulators 
that  were  originally  designed  for  such  lines  in  various 
types  of  switching  devices.  When  used  for  such  piurposes 
the  question  of  mechanical  strength  is  a  critical  one.  I 
have  come  to  two  conclusions.  First,  that  for  cementing 
insulators  together  and  cementing  on  caps  and  cementing  in 
pins,  there  is  nothing  better  than  neat  Portland  cement.  Such 
cementing  must,  however,  be  watched  very  closely  and  the  parts 
kept  wet.  A  good  method  in  the  case  of  pins  is  to  invert  the 
insulator  and  fill  the  petticoats  with  water.  Portland  is  a 
hydraulic  cement  and  needs  lots  of  water.     The  second  point 
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is  that  the  use  of  line  instilators  in  disconnecting  switches 
and  the  like  is  poor  economy.  It  is  true  that  most  op- 
erators prefer  to  use  the  same  insulator  on  disconnecting 
switches  and  the  line  on  account  of  ease  of  carrying  spare  parts, 
but  the  average  insulator  is  entirely  too  weak  for  such  use  and 
much  better  results  may  be  obtained  by  the  skilful  design  of 
special  porcelains  with  larger  fastenings.  I  have  often  wondered 
if  the  characteristics  of  ordinary  line  insulators  could  not  be 
materially  improved  by  applying  the  same  analysis  that  we  have 
applied  to  those  for  disconnecting  switches. 

The  photographs  reproduced  are  very  interesting,  but 
photographs  of  discharges  are  somewhat  likely  to  be  mis- 
leading, due  to  the  unfortunate  characteristic  they  have 
of  integrating  the  discharges.  That  is,  they  photograph  dis- 
charges that  occur  at  different  times  and  the  result  is  the  sum  of 
all  the  discharges  that  occur  during  exposure.  Even  if  the  expos- 
sures  are  made  absolutely  the  same  there  is  an  accidental  factor  to 
be  considered  in  that  such  discharges  are  more  or  less  intermittent 
and  vary  greatly  in  their  violence  from  second  to  second,  even 
with  the  conditions  maintained  absolutely  constant.  This  is 
quite  generally  understood,  however,  and  Mr.  Sothman  has 
doubtless  given  them  for  their  value  as  qualitative  measures 
rather  than  as  quantitative.  They  certainly  show  just  what  we 
may  expect  during  the  time  of  stress  on  an  instilator. 

Charles  Rufus  Harte  (by  letter):  The  determination  of 
Messrs.  Imlay  and  Thomas  that  a  grounded  pin  tends  to  con- 
centrate stresses  upon  an  insulator  and  thus  reduce  its  factor 
of  safety  is  particularly  interesting  to  the  writer,  who  for  some 
years  has  taken  exception  to  the  desired  practise,  first  of  the 
telephone  companies,  and  now  of  the  joint  committee  specifica- 
tions for  high-tension  crossing  protection,  in  calling  indiscrimi- 
nately for  grounding  pins  and  grounded  strips  on  crossarms  at 
these  crossings. 

Where  a  transmission  line  has  such  construction  throughout 
its  length  there  is  no  distinction,  but  it  has  always  seemed  to 
the  writer,  and  a  number  of  instances  had  confirmed  that  belief 
prior  to  the  evidence  of  this  paper,  that  to  ground  the  pins  at 
the  crossings  alone,  takes  away  a  considerable  proportion  of  the 
protection  it  is  intended  to  create  by  the  use  of  higher  safety 
factors  for  insulators  at  this  point. 

Edward  Bennett  (by  letter):  In  the  ''  Discussion  of  Tests  " 
in  the  paper  by  Messrs.  Imlay  and  Thomas,  great  importance 
is  attached  to  the  fact  that  the  potentials  causing  puncture  of 
the  insulators  were  of  high  frequency.  The  implication  is  that 
the  puncture  of  the  insulators  is  to  be  attributed  either  to  some 
difference  in  the  nature  of  60-cycle  and  high-frequency  stresses 
or  to  some  difference  in  the  distribution  of  the  stresses  through- 
out the  body  of  the  instilating  material  at  high  and  at  low  fre- 
quencies. It  is  further  stated  that  the  insulators  which  did  not 
puncture  at  250,000  volts  on  60  cycles  under  oil,  punctured 
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after  a  comparatively  few  shocks  of  high-frequency  discharge 
and  without  apparently  opposing  a  resistance  of  much  over 
100,000  volts  (10-in.  (25.4  cm.)  spark  gap). 

It  wotild  seem,  however,  that  tmder  the  conditions  of  test 
shown  in  Fig.  11  of  the  paper,  the  breakdown  of  a  10-in.  measur- 
ing gap  would  indicate  the  application  between  line-wire  and 
pin  of  a  potential  far  in  excess  of  100,000  volts  during  the  interval 
of  time  required  to  bridge  across  the  10-in.  gap  or,  in  general,  to 
establish  a  conducting  flash-over  path. 

The  breakdown  of  a  spark  gap  is  not  an  instantaneous  phenom- 
enon; our  knowledge  of  the  rates  of  breakdown  of  the  series  gap 
and  of  the  flash-over  path  does  not  permit  of  the  formation  of 
an  estimate  of  the  value  to  which  the  potential  between  the  line- 
wire  and  pin  might  build  up  during  the  interval  of  breakdown. 
It  is  conceivable,  however,  that  with  a  25-in.  (63.5-cm.)  series 
gap  and  the  transformer  adjusted  as  stated,  the  potential  across 
the  insulator  might  build  up  to  500,000  volts. 
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Fig.   21 


If  this  is  the  case,  the  puncture  of  the  insulators  is  not  to  be 
attributed  to  the  high-frequency  stresses  alone,  but  partly,  or 
possibly  largely,  to  the  application  of  extremely  high  potentials 
for  short  intervals;  that  is,  the  interval  of  the  "  spark-lag  "  of 
the  protective  path — the  flash-over  path.  To  eliminate  from 
the  tests  an  unknown  high  potential,  a  third  plate  might  be  used, 
as  indicated  in  Fig.  21  of  this  discussion,  with  the  insulators 
connected  by  extremely  short  wires  between  two  of  the  plates, 
as  shown. 

Whatever  the  explanation,  the  paper  emphasizes  the  fact  that 
the  insulators  puncture  in  service  which  are  protected  by  flash- 
over  under  prevailing  testing  conditions.  The  paper'  is  of  great 
importance  because  it  brings  this  out  so  clearly,  and  emphasizes 
the  need  of  tests,  such  as  those  described,  more  nearly  represent- 
ing service  conditions. 

F*  F.  Brand  (by  letter):  The  high-frequency  tests  outlined 
by  Messrs.  Imlay  ancj  Thomas  are,  I  believe,  the  first  recorded 
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in  which  an  attempt  was  made  to  subject  insulators  to  a  definite 
test  similar  to  a  lightning  disturbance. 

There  are  one  or  two  points  I  wish  to  raise  with  reference  to 
the  statement  that  the  potential  drop  across  the  insulator  was 
apparently  only  100,000  volts.  The  method  of  measurement  was 
to  connect  a  spark  gap  in  mtiltiple  with  the  insulator,  and  in 
series  with  this  spark  gap  was  a  high  non-inductive  resistance. 
At  a  frequency  of  approximately  1,000,000  cycles  per  second 
the  charging  current  from  the  line  side  would  be  considerable, 
and  the  radiation  current  also  would  be  appreciable,  therefore 
the  voltage  drop  across  this  resistance  might  be  quite  high. 
Furthermore,  the  spark  gap  was  some  5  or  6  ft.  (1 . 5  to  2  m.)  from 
the  insulator,  so  that  the  inductance  was  appreciable.  There- 
fore, we  do  not  know  that  the  voltage  indicated  by  the  spark 
gap  represented  the  actual  voltage  across  the  insulator  when  it 
arced  over.  Furthermore,  we  do  not  know  whether  the  spark 
gap  is  accurate  at  a  high  frequency. 

The  explanation  the  authors  give  of  the  cause  of  breakdown 
is  quite  feasible.  It  may  also  be  possible  that,  while  the  energy 
required  to  disrupt  that  small  part  of  the  dielectric  which  repre- 
sents the  resistance  which  is  in  series  with  the  capacity  of  the 
insulator,  is  greater  than  the  energy  required  to  disrupt  the 
air  around  the  insulator,  due  to  the  inductance  of  the  path  around 
the  insulator,  and  to  the  fact  that  the  air  usually  breaks  down  by 
corona  which  requires  time  to  form,  the  air  does  not  have  time 
to  break  down  before  the  dielectric  adjacent  to  the  pin  is  dis- 
rupted. Each  further  impulse  produces  this  failure  until  the 
whole  insulator  head  is  punctured. 

It  would  appear  that  a  more  careful  study  of  the  gradient 
around  the  sharp  edges  of  the  pin  would  solve  this  diflSculty. 
In  an  electrose  insulator  we  might  mold  a  sphere  of  metal  into 
the  insulation  and  screw  the  pin  into  it. 

In  regard  to  suspension  insulators,  if  the  potential  balance 
over  the  string  depends  to  any  great  extent  on  the  leakage 
current,  at  high  frequency  this  would  be  obliterated  by  the  larger 
charging  current  through  both  the  shunt  and  mutual  capacity, 
and  thus  the  voltage  required  to  arc  over  the  string  would 
decrease.  Also,  if  the  potential  balance  is  dependent  to  any 
-extent  on  corona  formation,  with  a  sudden  application  of  voltage, 
as  by  a  wave  with  a  steep  front,  the  potential  rises  to  a  high  value 
before  corona  forms  and  thus  the  distribution  of  potential  is 
not  the  same. 

Furthermore,  the  links  connecting  the  units  have  an  inductance 
which  is  not  negligible,  and  as  the  frequency  increases,  the  voltage 
drop  across  this  inductance  increases  by  the  frequency  times  the 
increased  current  through  the  insulators  to  ground.  This 
voltage  is  in  opposition  to  the  voltage  across  the  insulators; 
thus  the  sum  of  the  voltages  across  the  insulators  no  longer 
equals  the  total  voltage  across  the  string,  but  is  higher,  thus 
causing  the  insulators  to  arc  over  at  a  less  total  voltage  across 
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the  string.  The  puncture  of  the  line  unit  would  not  necessarily 
occur  unless  the  potential  gradient  is  excessive  at  some  point. 

Since  the  above  tests  were  made,  I  have  tried  with  the  same 
apparatus  and  voltage  the  effect  of  high  frequency  on  a  small 
string  of  suspension  insulators,  but  did  not  succeed  in  breaking 
them  in  150  flashes,  possibly  due  to  the  fact  that  the  excess 
voltage  over  the  arcing  voltage  of  the  string  was  not  proportion- 
ately as  great  as  in  the  tests  described  in  the  paper. 

Mr.  P.  M.  Lincoln  has  raised  the  point  that  the  frequency  of 
oscillation  as  given  by  the  authors  is  not  correct,  but  that  the 
insulator  reflects  the  wave  of  potential — this  is  not  exactly 
correct.  The  frequency  of  oscillation  given  by  the  authors  was 
calctilated  from  the  constants  of  the  circuit  when  the  insulator 
had  arced  over.  The  oscillation  before  this  is  the  oscillation 
with  the  capacity  of  the  insulator  in  series  with  the  inductance 
of  the  connections  and  the  main  capacity.  Inasmuch  as  the  low- 
voltage  capacity  of  the  insulator,  that  is,  before  corona  forms, 
was  less  than  one-tenth  of  the  main  capacity,  the  insulator 
would  be  subjected  to  an  oscillation  practically  at  a  frequency 
equal  to  that  caused  by  its  capacity  only  with  the  inductance  of 
the  circuit,  and  the  potential  across  the  main  condenser  would 
be  sustained  until  the  instilator  punctured  or  had  time  to  arc 
over. 

Mr.  Peek  has  suggested  that  the  reason  why  the  insulators 
punctured  is  due  to  the  sudden  application  of  a  voltage  in 
excess  of  the  pimcture  voltage  at  normal  frequency,  and  is  not 
due  primarily  to  the  high  frequency  of  the  oscillation.  This  can 
readily  be  tried  by  applying  an  impulse  test  at  a  voltage  less 
than  the  low-frequency  puncture  voltage. 

Turning  now  to  a  consideration  of  the  paper  by  Mr.  Sothman, 
I  wish  to  call  attention  to  the  errors  in  results  which  arise  if 
the  method  of  testing  does  not  correspond  to  service  conditions. 

Practically  all  line  insulators  are  used  between  line  and  ground, 
therefore  the  grounded  end  of  the  insulator  string  should  be 
grounded  diuing  test.  Due  to  the  fact  that  each  insulator  has 
a  capacity  to  ground,  as  well  as  a  mutual  capacity  with  reference 
to  the  other  insulators,  the  voltage  is  not  divided  uniformly  over 
the  total  string.  The  arcing  voltage  of  the  string  usually  occurs 
when  the  line  unit  reaches  the  arcing  point,  thus  the  arcing  volt- 
age of  the  string  is  not  equal  to  the  arcing  voltage  of  one  unit 
mtiltiplied  by  the  number  of  units.  This  discrepancy  is  increased 
the  greater  the  number  of  units  from  line  to  groimd,  and  the 
greater  the  ratio  of  the  shimt  to  mutual  capacity.  Thus  in 
testing  with  the  neutral  of  the  testing  system  grounded,  as 
apparently  was  done  by  Mr.  Sothman,  the  number  of  imits 
between  line  and  ground  is  one-half  the  total  number  in  the 
string,  and  the  voltage  from  line  imit  to  ground  is  one-half  the 
total  voltage  on  the  string. 

Neglecting^the  change  of  potential  balance  due  to  corona  and 
the  leakage  current,  for  a  string  of  five  insulators,  similar  to  th^ 
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type  A  shown,  the  dry  arcing  voltage  with  one  terminal  grounded 
is  281  kv.  The  arcing  voltage  with  the  neutral  grounded^ 
calculated  from  the  ratio  of  shunt  to  mutual  capacity,  would  be 
332  kv.  Seven  units  similar  to  the  type  E  shown  should  arc 
over  at  357  kv.  with  one  end  grounded,  and  at  450  kv.  with  the 
neutral  grounded.  Five  units  of  the  type  D  shown  should  arc 
over  at  308  kv.  with  one  end  groimded,  and  368  kv.  with  the 
neutral  grounded. 

Thus  we  see  that  we  do  not  even  get  a  correct  comparison 
between  the  types,  as  the  ratio  of  shtmt  to  mutual  capacity  is 
not  the  same  for  different  types,  also  the  number  of  units  used 
in  the  string  is  not  the  same.  In  practise  this  difference  is 
not  so  great  as  the  calculations  show,  due  to  the  potential 
balance  being  changed  by  corona  formation,  but  there  is  liability 
of  serious  error  in  restilts  with  the  neutral  of  the  testing  system 
grounded. 

Regarding  the  author's  list  of  specifications  and  tests  I  would 
make  the  following  suggestions  regarding  some  of  the  points 
raised. 

Method  of  Support,  The  insulator  should  be  supported  as 
nearly  as  possible  as  in  service.  Normally  the  top  of  the  insulator 
string  should  be  grotinded  in  suspension  insulators,  and  the  pin 
in  pin  type  insulators.  Tests  thus  should  always  be  made  with 
one  terminal  of  the  testing  transformer  grounded.  The  insulator 
should  be  supported  by  approximately  the  same  size  apparatus 
as  the  service  crossarm.  The  voltage  should  be  applied  to  a 
conductor  the  same  size  as  the  line  conductor,  of  a  length  suffi- 
cient to  prevent  concentration  of  stress  on  the  ends  affecting  the 
test.  The  insulator  should  not  approach  closely  any  large 
bodies,  and  in  a  string  of  suspension  insulators  the  line  should 
probably  not  be  closer  than  twice  the  length  of  the  string  from 
the  ground  stirface. 

Capacity  of  Testing  Transformer  and  Generator,  These  should 
be  large  enough  to  give  a  fairly  heavy  dynamic  arc,  and  to 
prevent  very  great  distortion  of  the  wave  shape,  also  to  prevent 
the  regulation  of  the  testing  system  being  changed  by  the  insula- 
tor load.  In  general,  a  testing  transformer  with  a  normal  rating 
of  0.5  to  1  ampere,  high-tension  winding,  with  a  generator  of 
equal  rating  to  the  transformer,  is  sufficient. 

Method  of  Determining  Voltage.  This  should  be  by  a  device 
which  indicates  the  maximum  of  the  voltage  wave,  such  as  a 
spark  gap.  The  ratio  of  the  transformer  should  be  checked 
against  the  spark  gap  when  connected  to  the  insulators,  and  this 
ratio  used  as  a  final  means  of  determining  the  exact  voltage. 

Method  of  Regulating  the  Voltage,  This  should  be  one  which 
avoids  distortion  of  the  wave  shape.  The  potentiometer  method 
is  undoubtedly  the  best,  that  is,  with  shunt  and  series  resistance 
or  reactance.  In  large  power  outfits  this,  however,  is  both  bulky 
and  wasteful  of  power,  and  a  method  using  generator  field  con- 
trol within  small  limits  and  a  multiple-circuit  j:,'encrator  or  low- 
tension  winding  on  the  testing  transformer  is  very  satisfactory. 
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Effect  of  Frequency,  Commercial  tests  are  usually  made  at 
60  cycles,  the  variation  between  results  at  this  frequency  and 
other  operating  frequencies  being  small.  High-frequency  tests 
are  particularly  a  design  test  and  should  be  made  only  on  a  few 
sample  insulators  or  a  specified  small  percentage  of  the  insulators. 
These  tests  are  diflScult  to  execute,  to  duplicate,  and  are  at 
present  destructive  to  the  insulators.  The  impulse  test  outlined 
by  Messrs.  Imlay  and  Thomas  is  probably  more  definite  than 
the  sustained  oscillations  produced  by  an  oscillation  circuit,  in 
which  the  maximum  voltage  is  unknown.  Also  a  sustained  test 
is  probably  tmf  air  to  the  insulator  by  reason  of  the  heating  of  the 
dielectric  under  sustained  high-frequency  voltage. 

Wet  Test,  Two  conditions  of  artificial  rain  are  required  for  a 
general  wet  test,  depending  on  the  climate  the  insulators  are 
to  be  used  in.  One  is  precipitation  in  large  drops  as  in  a  thunder 
storm,  the  other  being  more  nearly  a  mist.  A  precipitation  of 
0.5  in.  (12.7  mm.)  per  minute  for  the  large  drops  and  about 
0.25  to  0.3  in.  (6.35  to  7.62  mm.)  per  minute  for  the  mist, 
gives  severe  enough  results.  The  mist  can  be  readily  produced 
by  sprays  in  which  compressed  air  is  used  to  atomize  the  water. 
In  this  way  the  mist  is  blown  up  under  a  shallow  petticoat  of  an 
insulator.  The  specific  resistance  of  the  rain  plays  a  very  import- 
ant part  in  the  restilts.  In  general  a  fairly  high  specific  resistance 
shoidd  be  used  to  approximate  rain  conditions.  In  Pittsfield, 
Mass.,  the  city  water  has  an  average  specific  resistance  per  cu. 
cm.  of  7500  ohms.  The  rain  should  be  at  an  angle  of  45  deg.  to 
the  horizontal  for  vertical  insulators,  and  45  deg.  to  the  inside 
of  horizontal  or  strain  insulators. 

Corona.  The  insulator  should  certainly  show  no  corona  at 
normal  operating  voltage,  and  an  insulator  which  does  not  show 
corona  until  practically  the  arc-over  point  is  best,  as  such  an 
insulator  is  less  likely  to  be  disrupted  by  sudden  impulses  of 
potential  which  may  rise  to  a  very  high  voltage  before  corona 
has  time  to  form. 

Design  Test.  A  design  test  of  twice  the  line  voltage  under 
wet  conditions  shotild  be  a  good  value,  the  value  of  the  dry  arc- 
over  not  being  so  important,  provided  it  is  not  less  than  the 
wet  test,  which  can  occur  in  badly  proportioned  strings  of  sus- 
pension insulators.  The  test  should  be  made  at  a  barometric 
pressure  equal  to  the  mean  pressure  at  the  maximum  altitude 
at  which  the  insulator  string  is  to. operate.  If  this  test  is  not 
feasible  as  a  regular  test  the  results  should  be  corrected  for 
altitude  from  experimental  tests  on  certain  of  the  insulators. 

Max  H.  CoUbohm  (by  letter) :  The  subject  treated  in  the  two 
papers  on  testing  of  insulators,  particularly  the  high-frequency 
test,  is  of  considerable  importance  to  the  transmission  engineer 
for  the  reason  that  practically  all  insulator  breakdowns  are 
caused  by  external  or  internal  lightning  strokes  of  inherent 
high  frequency,  while  hardly  any  insulator  is  damaged  und?r 
normal  operating  conditions. 
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The  writer  has  observed  on  two  transmission  systems — 44,000- 
volt  and  66,000-volt,  65  mi.  (104.6  km.)— that  breakdowns 
occtirred  most  frequently  on  the  strain  insulators  on  dead-ends 
along  the  line,  although  these  were  composed  of  more  tmits  than 
the  ordinary  suspension.  In  one  instance  practically  every  strain 
insulator  on  the  whole  hnc  was  damaged  by  a  single  inductive 
stroke  caused  by  accidentally  closing  a  short-circuited  line 
imder  full  potential.  This  was  ver\'  Hkely  due  to  a  high-fre- 
quency surge  finding  an  easier  path  through  the  insulator  in 
direct  line  with  the  power  cables  than  over  the  loop  connecting 
the  two  dead-ended  lines  and  offering  probably  a  high  impedance 
under  high  frequency  on  account  of  its  ciu-ved  form. 

The  writer  has  previously  suggested  a  high-frequency  insula- 
tor test  at  extremely  high  voltage  and  sudden  application  in 
order  to  determine  the  capacity  effect  of  the  insulator  imder 
lightning  stresses.  He  believes  that  the  inherent  fatigue  of  the 
instilator  material  is  an  important  factor  in  the  self-protecting 
qualities  of  the  insulator  against  the  very  short  lightning  strokes. 
This  is  again  a  point  in  favor  of  a  grovmded  system  (over  resist- 
ance) as  against  an  ungrounded  system,  on  accoimt  of  the 
absence  of  the  probability  of  continuous  arcing  groimds  pro- 
ducing high  frequency. 

The  puncture  between  pin  and  top  of  insulator  is  probably 
due  to  the  high  potential  gradient  at  the  pin  with  its  smaU 
dimensions  and  sharp  comers,  and  improvements  could  be 
effected,  as  indicated  in  the  papers  under  discussion,  by  care- 
fully avoiding  sharp  comers  and  small  curvatiu*e  on  the  pin, 
and  by  increasing  the  thickness  of  the  material  around  the  pin. 
As  a  further  means  for  protection  the  --writer  would  suggest 
the  adaptation  of  a  fairly  large  metal  disk  on  the  pin  of  each 
insulator  in  the  row,  as  close  as  permissible  to  the  head  of  the 
pin  without  reducing  materially  the  flash-over  resistance  by 
approaching  the  petticoats  too  closely,  and  also  equipping  the 
insulator  cap  likewise  with  an  extension  of  its  lower  rim  in  the 
form  of  a  horizontal  disk.  This  would  serve,  for  one  thing,  to 
obtain  a  more  even  distribution  of  static  stresses  by  shielding 
the  pin  as  far  as  practicable,  and  it  may  furthermore  have  the 
more  important  function  of  a  condenser,  the  action  of  which  may 
eventually  be  suflScient  to  pass  to  groimd  any  high-frequency 
charge,  thus  being  similar  in  6peration  to  the  high-frequency 
arrester  of  recent  European  development. 

Another  protection  to  the  insulator  may  be  available  in  the 
installation  of  arcing  rods,  both  above  and  below  the  insulator, 
the  comparatively  sharp  end  points  of  these  rods  tending  to 
break  down  sooner  than  arcing  rings  would,  on  accoimt  of  the 
higher  potential  gradient  at  the  ends.  The  writer  is  completing 
the  erection  of  a  66,000-volt  line  equipped  with  these  arcing 
rods  and  awaits  with  great  interest  the  effect  of  this  arrange- 
ment diuing  the  coming  lightning  season. 

The  inst£dlation  of  arcing  rods  seems  to  have  had  a  beneficial 
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eflfect  on  one  6600-volt  line  put  into  service  a  year  ago  which 
has  gone  through  a  number  of  very  severe  storms,  the  effect  of 
which  was  shown  by  the  burning  up  of  an  outdoor  fuse  box  and 
by  the  almost  continuous  operation  of  the  electrolytic  arrester, 
with  final  damage,  without  having  caused  the  slightest  injury 
to  even  a  single  insulator. 

It  is  the  writer's  opinion  that  ideal  conditions  can  only  be 
obtained  by  developing  each  insulator  so  as  to  act  as  its  own 
arrester,  either  by  giving  it  sufficient  conductance  under  high- 
frequency  conditions  by  means  of  additional  condenser  capacity, 
probably  arranged  as  mentioned  above,  or  by  preventing  the 
passage  of  high-frequency  energy  over  the  insulator  proper 
by  providing  a  suitable  choke  coil  between  the  power  conductor 
and  insulator  (which  in  case  of  suspension  insulators  could  be 
arranged  with  comparative  ease  and  cheapness  between  wire 
clamp  and  suspension  hook  by  a  few  turns  of  iron  wire)  and 
letting  the  arcing  rods  take  care  of  the  main  discharge  (preventing 
service  interruption  by  the  use  of  a  grounding  rheostat  of  lowest 
permissible  ctirrent-carrying  capacity  to  avoid  opening  of 
switch). 

Regarding  the  insulator  test  as  a  test,  the  writer  believes  that 
it  ought  to  be  made  under  conditions  closely  approaching  those 
under  which  the  instilators  have  to  operate: 

All  insulators  intended  for  steel  towers  should  be  placed  on 
steel  crossarms  with  cable  attached,  to  get  exact  static  stress 
distribution. 

All  insulator  wet  tests  should  be  made  with  a  strong  air 
current  directed  horizontally  against  the  instilators  to  get  the 
effect  of  a  wind  carrying  the  rain  into  the  insulators. 

All  insulators  for  service  along  the  coast  should  be  tested  with 
salt  water. 

Strain  insulators  should  be  tested  horizontally  with  rain 
applied  alternately,  or  perhaps  simultaneously,  from  both  sides. 

All  high-voltage  tests  to  be  made  under  mechanical  loading. 

With  these  points  considered,  the  test  itself  (as  for  the  buyer's 
interest  only)  should  otherwise  be  conducted  about  as  follows: 

1.  Mechanical  test  (continued  throughout  the  entire  test). 

2.  Wet  test  on  completed  unit  with  hardware  attached. 

3.  Wet  test  on  string  of  units  with  cable  attached. 

4.  High-frequency  high-voltage  test  (wet)  on  string  of  units 
with  cable  attached. 

5.  Dry  test  on  single  unit. 

6.  High-frequency  test  (dry)  on  string  of  units  with  cable 
attached. 

7.  (Optional).  Tests  Nos.  3,  4  and  6  repeated  with  arcing 
rods  attached,  to  determine  proper  dimensions  for  the  latter  in 
combination  with  the  particular  insulator  pattern. 

P.  W.  Sothman  (by  letter):  Referring  to  Mr.  Mershon's 
criticism  that  rather  undue  emphasis  has  been  laid  upon  factors 
of  safety  relative  to  the  line  voltage,  it  must  be  borne  in  mind 
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that  owing  to  the  lack  of  operating  experience  with  potentials 
as  high  as  110  or  120  kv.,  the  question  of  line  ihstilation  was,  at 
the  time,  obviously  one  of  paramount  importance,  and  the  tests 
were  conducted  with  the  end  in  \'icw  to  ascertain  first  of  all  the 
insulator  best  suited  to  work  safely  at  a  voltage  arbitrarily  placed 
at  twice  the  operating  voltage  tmder  the  worst  condition.  The 
fact  that  insulators  may  fail  owing  to  suddenly  applied  excess 
voltages  or  surges  along  the  line  due  to  lightning  discharges  or 
other  disturbances  was  even  then  pretty  well  appreciated  and 
the  records  show  that  the  selection  of  the  type  E  insulator  was 
made  mainly  because  of  its  superiority  in  resisting  puncture  as 
compared  with  other  insulators  which  stood  up  equally  well  with 
regard  to  the  double  line  voltage  test. 

The  use  of  still  higher  voltages  appears  to  encounter  certain 
limitations,  and  although  it  is  now  fully  realized  that  the  problem 
of  insulating  the  line  against  lightning  disturbances  is  one  quite 
different  from,  that  of  insulating  against  line  voltage  only,  it  is 
nevertheless  apparent  that  a  radical  departure  from  the  method 
employed  at  the  present  time  for  insulating  the  line  must  be  adopt- 
ed, if  transmission  voltages  much  above  130  or  150  kv.  arc  to  be 
used  in  future.  A  mere  increasing  of  units  of  the  present  suspen- 
sion insulator  will  not  afford  the  insulating  value  which  could  be 
expected  from  the  amotmt  of  porcelain  and  space  employed.  An 
increase  in  insulation  simply  by  increasing  the  dimensions  of 
the  material  either  in  linear  or  in  cubic  direction  proportionately 
to  increased  line  voltage,  will  not  work  out  satisfactorily  with 
the  present  methods  of  insulator  design,  and  unless  a  more 
scientific  method  is  devised  the  use  of  higher  voltages  should  be 
considered  with  more  conservatism  than  has  been  displayed  in 
some  cases. 

L.  E.  Imlay  (by  letter) :  We  set  out  to  develop  a  pin  type 
instilator  adapted  for  use  on  44 ,000- volt  circuits  which  would 
not  ptmcture  with  lightning  discharges.  The  plan  we  adopted 
was  to  take  an  insulator  already  designed  for  44,000-volt  service, 
subject  it  to  the  stresses  which  it  would  receive  in  actual  service, 
and  vary  its  size  and  shape  until  the  desired  result  was  secured. 
The  nearest  approximation  to  lightning  that  we  could  obtain  was 
the  discharge  from  a  750,000-volt,  500-kw.  transformer. 

In  the  course  of  the  tests  we  found  that  the  most  effective  way 
to  secure  the  desired  results  was  to  reduce  the  width  of  the 
petticoats.  When  these  were  entirely  removed  the  desired 
restilt  was  obtained,  so  far  as  resisting  puncture  was  concerned. 
This  is  shown  by  test  No.  14,  in  which  the  insulator  consisted  of 
a  cylinder  of  electrose  about  5  in.  (12.7  cm.)  high  and  5  in.  in 
diameter.  This  instilator,  however,  would  not  answer  our 
requirements,  as  it  flashed  over  the  surface  on  60  cycles  wet  at 
33,500  volts.  It  is  highly  probable,  however,  that  the  insulator, 
even  in  this  form,  would  have  been  adequate  for  44,000-volt 
service  in  places  where  its  surface  would  not  become  covered 
with  dust  from  chemical  works  and  where  rain  water  only  could 
get  on  it. 
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The  idea  of  a  high-tension  line  insulator  without  petticoats 
was  so  novel  that  we  cotild  not  make  up  our  minds  to  go  any 
further  in  this  direction,  although  the  next  logical  step  would 
have  been  to  increase  the  height  of  the  cylinder  until  the  required 
leakage  sxuiace  was  obtained.  We  finally  adopted  a  compromise 
design  involving  the  use  of  a  wooden  pin  which  was  equivalent 
to  lengthening  the  cylinder.  We  retained  considerable  of  the 
petticoat  feature,  but  a  plain  cylinder  without  these  projections 
would  probably  have  been  better. 

Transmission  lines  can  be  adequately  protected  from  lightning 
by  the  installation  of  a  sufficient  number  of  overhead  guard  wires. 
If  the  system  is  of  sufficient  importance  to  warrant  the  expense 
necessary  to  provide  this  method  of  protection,  insulators  we 
already  have  available  are  adequate.  If,  however,  this  expense 
is  not  justified,  insulators  shotild  be  provided  which  will  not  be 
injured  by  lightning  and  which  will  remain  in  condition  after 
lightning  discharges  and  the  arcs  consequent  thereto  have 
passed  over  their  surfaces,  so  that  the  line  can  be  placed  in  service 
immediately  after  an  interruption.  Such  an  insulator  will 
perform  the  functions  of  a  lightning  arrester.  I  believe  each  line 
insulator  should  be  an  adequate  lightning  arrester  and  a  system 
equipped  with  such  insulators  should  have  no  need  of  an  elabor- 
ate lightning  arrester  equipment  at  the  stations  to  protect  the 
generating  and  transforming  apparatus.  I  trust  the  slight 
amount  of  work  which  we  have  done  in  beginning  this  investiga- 
tion will  lead  to  the  development  of  a  reliable  insulator  which 
will  answer  these  requirements. 

P.  H.  Thomas  (by  letter):  By  the  expression  **  high  fre- 
quency,** in  our  paper,  is  meant  an  abrupt  or  steep  wave-front 
rather  than  a  sustained  high-frequency  vibration.  It  is  very 
unlikely  that  anything  more  than  a  very  few  rapidly  decreasing 
waves  would  be  produced  by  the  high-potential  discharge  of 
this  apparatus. 

Care  should  be  taken  to  distinguish  between  the  breakdown 
of  insulating  material  by  constantly  applied  sustained  high-fre- 
quency potentials,  and  the  tests  of  this  paper.  The  former  may 
cause  the  failure  of  very  strong  instilators  in  virtue  of  the  rapid 
cumulative  heating  due  to  the  dielectiric  losses  produced  by  the 
alternating  high-intensity  static  field,  while  in  the  tests  described 
in  our  paper  the  high-frequency  shocks  were  not  sustained  and 
a  space  of  time  occurred  between  each  application  and  the  next. 
No  evidence  of  heating  could  be  found  either  inside  or  outside 
the  insulator  until  after  an  arc  had  passed. 

Perhaps  the  most  interesting  question  raised  during  the  dis- 
cussion is  that  of  the  cause  or  nature  of  the  marked  preference 
of  the  high-frequency  discharge  for  puncturing  the  insulator 
instead  of  flashing  over.  It  has  been  argued  that  an  air  gap 
requires  a  certain  amount  of  time  to  break  down,  which  time  is 
greater  than  the  amoimt  of  time  required  for  the  solid  material 
to  break  down,  and  consequently  that  if  the  time  of  application 


2224  HIGH-TENSION  INSULATORS  [Dec.    13 

of  voltage  were  too  short  to  permit  the  air  gap  to  break  down 
when  its  normal  breakdown  voltage  limit  was  reached  by  the 
rising  wave,  the  impressed  voltage  would  go  on  rising  above  this 
limit  until  the  breakdown  limit  of  the  solid  material  was  reached. 
This  explanation  seems  plausible  enough  and  will  explain  the 
phenomenon,  provided  it  be  true  that  the  spark  gap  in  air  does 
require  a  longer  time  to  break  down  than  the  solid  material,  and 
pravidedy  further,  that  the  actual  minimum  limit  of  time  required 
for  such  a  breakdown  in  air  is  actually  greater  than  the  time 
required  for  the  potential  to  rise  to  its  maximum  in  these  tests, 
and  at  the  same  time,  that  the  time  required  for  the  breakdown 
of  the  solid  material  is  less  than  the  time  required  to  reach  full 
potential.  If  all  of  these  conditions  are  true  it  is  a  rather  remark- 
able coincidence. 

It  does  not  seeip  probable  to  the  writer  that  there  is  any  such 
length  of  time  required  to  start  a  discharge  across  an  air  gap  as 
is  required  for  the  potential  to  rise  in  the  present  case.  It  is  true, 
as  pointed  out  by  Mr.  P.  M.  Lincoln,  and  more  in  detail  by  Mr. 
Brand,  that  the  initial  discharge  to  the  insulator  top  before 
breakdown  wiU  be  at  a  higher  frequency  than  the  main  discharge 
(perhaps  four  to  six  times  as  high),  yet  the  period  is  so  long  com- 
pared with  the  numerous  known  instances  of  sparks  from  far 
higher  frequency,  that  its  likelihood  seems  very  small. 

If  an  air  gap  could  not  break  down  as  rapidly  as  the  voltage 
was  impressed  on  the  air  gap  in  this  case,  it  would  not  be  possible 
to  operate  Tesla  coils  as  they  are  operated,  for  the  voltage  on 
the  terminals  of  the  coil  secondaries  would  be  reversed  before 
a  spark  could  occur.  Similarly  with  the  famous  Hertz  researches, 
where  far,  far  higher  frequencies  were  used  than  in  these  tests. 
Hertz  could  not  have  gotten  sparks  from  his  very  high  frequencies 
if  a  spark  gap  could  not  break  down  in  a  period  as  short  as  that 
of  these  tests. 

It  may  be  argued  that  a  short  gap  would  break  down  more 
readily  than  a  long  one,  but  this  would  not  seem  to  be  the  case, 
since  the  longer  gap  will  have  a  proportionally  higher  voltage. 
In  the  case  of  the  present  tests  the  available  voltage  was  far 
higher  than  the  normal  resistance  of  the  spark  gap,  and  further, 
there  was  immediately  available  a  very  large  amount  of  stored 
energy  from  the  condenser.  Another  point  should  be  considered, 
that  it  is  not  necessary,  in  order  to  relieve  the  potential  strain 
on  the  solid  material,  that  a  spark  be  established  all  the  way 
across  the  gap,  but  merely  that  the  charge  be  able  to  escape 
from  the  live  metal  parts  into  the  air. 

Finally,  if  the  air  cannot  break  down  quickly  and  a  potential 
of  300,000  volts  is  thus  impressed  upon  the  solid  material  of 
the  insulator  head,  those  insulators  having  a  head  only  1  in. 
(25.4  mm.)  thick  should  have  invariably  broken  down,  for  they 
failed  under  oil  at  200,000  volts.  As  a  matter  of  fact  there  was 
little  difference  in  their  behavior  from  that  of  those  with  2- in. 
(50.8  mm.)  heads. 
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Mr.  Peck  has  suggested  that  in  the  normal  tests  of  insulators 
the  formation  of  corona  at  60  cycles  permits  a  redistribution  of 
stress  over  the  surface  of  the  instilator  and  enables  it  to  stand 
a  higher  applied  voltage  than  would  otherwise  be  the  case. 
This  action  is  very  similar  to  the  explanation  given  in  the  paper, 
except  that  the  effect  is  there  attributed  to  insulation  resistance 
rather  than  corona.  In  Fig.  9  of  our  paper  the  insulation  leak- 
age paths  are  illustrated  as  through  solid  material,  but  the  same 
effect  would  be  produced  if  they  were  over  the  surface  of  the  insu- 
lator. 

Mr.  Brand's  discussion  is  much  to  the  point,  and  is  especially 
valuable  as  he  was  present  at  the  tests  and  was  familiar  with 
all  the  apparatus. 

Mr.  Mershon  has  asked  why  we  consider  that  the  effect  of 
the  metal  foil  band  is  to  increase  the  effective  size  of  the  pin, 
as  shown  in  Fig.  3  of  the  paper.  This  is  because  the  band  tends 
to  take  the  same  potential  as  the  pin  on  accovmt  of  its  superior 
electrostatic  capacity  to  the  pin  and  hence  acts  electrically 
as  part  of  the  pin. 

Referring  more  broadly  to  the  testing  and  inspection  of  high- 
tension  insulators,  I  wish  to  say  that  Mr.  Sothman*s  paper  gives 
an  excellent  treatment  of  the  subject  and  fulfills  the  plan  of  the 
High-Tension  Transmission  Committee  that  this  meeting  should 
give  a  foimdation  or  a  text  for  a  thorough  general  discussion  of 
the  subject,  with  the  hope  that  at  some  later  meeting  it  may 
be  possible  to  arrive  at  some  concrete  agreement  as  to  the  essen- 
tials of  a  satisfactory  test. 

While  many  thoughts  are  suggested  by  Mr.  Sothman's  paper 
and  the  discussion  thereon,  I  wish  to  call  attention  only  to  the 
point  made  by  Mr.  Brand,  viz.,  that  when  a  string  of  suspension 
insulators  is  used,  its  test  strength  will  be  greatly  altered  by  a 
grounding  of  one  end  of  the  string.  This  effect  will  be  the  more 
marked  the  greater  the  number  of  units  in  the  string  and  the 
greater  the  capacity  of  the  individual  insulators  to  ground,  as 
compared  with  their  internal  capacity.  Mr.  Peek's  admirable 
paper  treating  of  string  efficiency*  makes  this  clear. 

I  would  here  suggest  as  a  probable  explanation  of  the  apparent 
relative  weakness  of  a  string  of  insulators  when  used  as  strain 
insulators,  the  fact  that  the  units  will  have  a  larger  capacity 
to  ground  when  in- a  nearly  horizontal  position  than  when  ver- 
tical, and  will  therefore  have  a  less  string  efficiency.  If  this 
be  true,  some  designs  should  suffer  more  than  others  from  being 
used  in  an  inclined  position,  and  the  strings  composed  of  many 
units  should  be  the  most  affected. 

R.  F.  Hayward  (communicated  after  adjournment):  It  is 
probably  safe  to  say  that  no  long-distance  transmission  line  that 
has  been  equipped  with  insulators  designed  on  any  reasonable 
basis  lias  ever  (experienced  the  slightest  difficulty  from  rain  or 
snow.    This  is  absolutely  true,  at  least,  in  the  writer's  experience. 

*  Electrical  Characteristics  of  the  Suspension  Insulator,  in  Part  I,  p.  907. 
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Consequently  all  tests  of  insulators  for  breakdown  under  arti- 
ficial rain  conditions,  with  ordinary  frequencies,  while  being 
important,  should  be  looked  at  more  in  the  light  of  standard  tests 
for  strength  of  iron  or  steel  or  cement;  in  other  words,  some- 
thing that  has  got  down  to  more  or  less  settled  conditions. 

In  the  writer's  experience  with  high-tension  transmission  at 
50  and  60  cycles  over  long  distances  and  wide  areas  in  Utah  and 
Mexico,  after  eliminating  breakdowns  due  to  the  mechanical 
destruction  of  insulators  from  outside  sources,  the  only  brea 
downs  of  insulators  that  have  passed  through  the  standard  tests 
have  occurred  in  cases  where  there  has  undoubtedly  been  a  high- 
frequency  discharge  of  some  kind  or  other,  whether  from  light- 
ning or  as  the  result  of  some  sudden  surge,  as  from  a  heavy  short- 
circuit. 

I  do  not  think  that  people  interested  in  high-tension  transmis- 
sion can  have  the  importance  of  high-frequency  tests  too  strongly 
brought  before  their  attention,  and  I  look  forward  to  any  inves- 
tigations that  may  throw  additional  light  on  this  matter. 


CODE  OF  PRINCIPLES  OF  PROFESSIONAL  CONDUCT 

OF   THE 

AMERICAN    INSTITUTE    OF    ELECTRICAL    ENGINEERS 


Adopted  by  the  Board  of  Directors,  March  8,  1912. 

A.  General  Principles. 

B.  The  Engineer's  Relations  to  Client  or  Employer. 

C.  Ownership  of  Engineering  Records  and  Data. 

D.  The  Engineer's  Relations  to  the  Public. 

E.  The  Engineer's  Relations  to  the  Engineering  Fraternity. 

F.  Amendments. 

While  the  following  principles  express,  generally,  the  engineer's  rela- 
tions to  client,  employer,  the  public,  and  the  engineering  fraternity,  it 
is  not  presumed  that  they  define  all  of  the  engineer's  duties  and  obliga- 
tions. 

A.     General  Principles 

1.  In  all  of  his  relations  the  engineer  should  be  guided  by  the  highest 
principles  of  honor. 

2.  ft  is  the  duty  of  the  engineer  to  satisfy  himself  to  the  best  of  his 
ability  that  the  enterprises  with  which  he  becomes  identified  are  of  legiti- 
mate character.  If  after  becomine  associated  with  an  enterorise  he  finds 
it  to  be  of  questionable  character,  he  should  sever  his  connection  with  it 
as  soon  as  practicable. 

B.     The  Engineer's  Relations  To  Client  Or  Employer 

3.  The  engineer  should  consider  the  protection  of  a  client's  or  employer's 
interests  his  first  professional  obligation,  and  therefore  should  avoid 
every  act  contrary  to  this  duty.  If  any  other  considerations,  such  as 
professional  obligations  or  restrictions,  interfere  with  his  meeting  the 
legitimate  expectation  of  a  client  or  employer,  the  engineer  should  inform 
him  of  the  situation. 

4.  An  engineer  can  not  honorably  accept  compensation,  financial  or 
otherwise,  from  more  than  one  interested  party,  without  the  consent 
of  all  parties.  The  engineer,  whether  consulting,  designing  installing 
or  operating,  must  not  accept  commissions,  directly  or  indirectly,  from 
parties  dealing  with  his  client  or  employer. 

5.  An  engineer  called  upon  to  decide  on  the  use  of  inventions,  apparatus, 
or  anything  in  which  he  has  a  financial  interest,  should  make  his  status  in 
the  matter  clearly  understood  before  engagement. 

tt.  An  engineer  in  independent  practise  may  be  employed  by  more  than 
one  party,  when  the  interests  of  the  several  parties  do  not  conflict;  and  it 
should  be  understood  that  he  is  not  expected  to  devote  his  entire  time  to 
the  work  of  one,  but  is  free  to  carry  out  other  engagements.    A  consulting 
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engineer  permanently  retained  by  a  party,  should  notify  others  of  this 
afl&liation  before  entering  into  relations  with  them,  if,  in  his  opinion,  the 
interests  might  conflict. 

7.  An  engineer  should  consider  it  his  duty  to  make  every  eflFort  to 
remedy  dangerous  defects  in  apparatus  or  structures  or  dangerous  con- 
ditions of  operation,  and  should  bring  these  to  the  attention  of  his 
client  or  employer. 

C.     Ownership  Of  Engineering  Records  And  Data 

8.  It  is  desirable  that  an  engineer  undertaking  for  others  work  in 
connection  with  which  he  may  make  improvements,  inventions,  plans, 
designs,  or  other  records,  should  enter  into  an  agreement  regarding  their 
ownership. 

9.  If  an  engineer  uses  information  which  is  not  common  knowl- 
edge or  public  property,  but  which  he  obtains  from  a  client  or  em- 
ployer, the  results  in  the  form  of  plans,  designs,  or  other  records,  should 
not  be  regarded  as  his  property,  but  the  property  of  his  client  or  em- 
ployer. 

10.  If  an  engineer  uses  only  his  own  knowledge,  or  information 
which  by  prior  publication,  or  otherwise,  is  public  property  and  ob- 
tains no  engineering  data  from  a  client  or  employer,  except  performance 
specifications  or  routine  information;  then  in  the  absence  of  an  agree- 
ment to  the  contrary  the  results  in  the  form  of  inventions,  plans,  designs, 
or  other  records,  should  be  regarded  as  the  property  of  the  engineer,  and 
the  client  or  employer  should  be  entitled  to  their  use  only  in  the  case  for 
which  the  engineer  was  retained. 

11.  All  work  and  results  accomplished  by  the  engineer  in  the  form  of 
inventions,  plans,  designs,  or  other  records,  that  are  outside  of  the  field 
of  engineering  for  which  a  client  or  employer  has  retained  him,  should  be 
regarded  as  the  engineer's  property  unless  there  is  an  agreement  to  the 
contrary. 

12.  When  an  engineer  or  manufacturer  builds  apparatus  from  designs 
supplied  to  him  by  a  customer,  the  designs  remain  the  property  of  the 
customer  and  should  not  be  duplicated  by  the  engineer  or  manufacturer  for 
others  without  express  permission.  When  the  engineer  or  manufacturer 
and  a  customer  jointly  work  out  designs  and  plans  or  develop  inventions 
a  clear  understanding  should  be  reached  before  the  beginning  of  the  work 
regarding  the  respective  rights  of  ownership  in  any  inventions,  designs, 
or  matters  of  similar  character,  that  may  result. 

13.  Any  engineering  data  or  information  which  an  engineer  obtains 
from  his  client  or  employer,  or  which  he  creates  as  a  result  of  such  infor- 
mation, must  be  considered  confidential  by  the  engineer;  and  while  he 
is  justified  in  using  such  data  or  information  in  his  own  practise  as  forming 
part  of  his  professional  experience,  its  publication  without  express  per- 
mission is  improper. 

14.  Designs,  data,  records  and  notes  made  by  an  employee  and  refer- 
ring exclusively  to  his  employer's  work,  should  be  regarded  as  his  em- 
ployer's property. 

15.  A  customer,  in  buying  apparatus,  does  not  acquire  any  right  in  its 
design  but  only  the  use  of  the  apparatus  purchased.     A  client  does  not 
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acquire  any  right  to  the  plans  made  by  a  consulting  engineer  except^for 
the  specific  case  for  which  they  were  made. 

D.     The  Engineer's  Relations  To  The  Public 

16.  The  engineer  should  endeavor  to  assist  the  public  to  a  fair  and  cor- 
rect general  understanding  of  engineering  matters,  to  extend  the  general 
knowledge  of  engineering,  and  to  discourage  the  appearance  of  untrue, 
unfair  or  exaggerated  statements  on  engineering  subjects  in  the  press  or 
elsewhere,  especially  if  these  statements  may  lead  to,  or  are  made  for  the 
purpose  of,  inducing  the  public  to  participate  in  unworthy  enterprises. 

17.  Technical  discussions  and  criticisms  of  engineering  subjects  should 
not  be  conducted  in  the  public  press,  but  before  engineering  societies,  or 
in  the  technical  press. 

18.  It  is  desirable  that  first  publication  concerning  inventions  or 
other  engineering  advances  should  not  be  made  through  the  public  press, 
but  before  engineering  societies  or  through  technical  publications. 

19.  It  is  unprofessional  to  give  an  opinion  on  a  subject  without  being 
fully  informed  as  to  all  the  facts  relating  thereto  and  as  to  the  pur|K>se8 
for  which  the  information  is  asked.  The  opinion  should  contain  a  full 
statement  of  the  conditions  under  which  it  applies. 

E.     The  Engineer's  Relations  To  The  Engineering  Fraternity 

20.  The  engineer  should  take  an  interest  in  and  assist  his  fellow  en* 
gineers  by  exchange  of  general  information  and  experience,  by  instruction 
and  similar  aid,  through  the  engineering  societies  or  by  other  means.  He 
should  endeavor  to  protect  all  reputable  engineers  from  misrepresentation. 

21.  The  engineer  should  take  care  that  credit  for  engineering  work  is 
attributed  to  those  who,  so  far  as  his  knowledge  of  the  matter  goes,  are 
the  real  authors  of  such  work. 

22.  An  engineer  in  responsible  charge  of  work  should  not  permit  non- 
technical persons  to  overrule  his  engineering  judgments  on  purely  en- 
gineering grounds. 

F.     Amendments 

Additions  to,  or  modifications  in,  this  Code  may  be  made  by  the  Board 
of  Directors  under  the  procedure  applying  to  a  by-law. 


HISTORY  OF  THE  CODE 

At  the  Milwaukee  Convention  in  May,  1906,  Dr.  Schuyler  Skaats 
Wheeler  delivered  his  presidential  address  on  "  Engineering  Honor."  It 
was  the  sense  of  the  Convention  that  the  ideas  contained  in  this  address 
should  be  embodied  in  a  Code  of  Ethics  for  the  electrical  engineering 
profession,  and  to  this  end  the  following  committee  was  appointed  in 
October,  1906: 

Schuyler  Skaats  Wheeler,  Chairman. 

H.  W.  Buck  Charles  P.  Steinmetz 

In  May,  1907,  the  committee  reported  a  code  to  the  President  and  Board 

of  Directors  for  discussion  at  the  June  Convention  at  Niagara  Falls.     It 

was  discussed  and  adopted  by  the  Convention  but  later  the  adoption  KaicL 

to  be  set  asitle  on  account  of  the  provisions  of  the  Cotv&^lv\.^a^AQ^cv  v^^^'^c^Swa^^ 
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Conventions  from  acting  upon  questions  affecting  the  Institute's  organiza- 
tion or  policy. 

It  was  taken  up  by  the  Board  of  Directors  on  August  30,  1907,  revised, 
printed  and  submitted  to  the  membership  for  suggestions  to  be  sent  to 
a  new  committee  appointed  by  President  Stott. 

It  lay  dormant  until  June,  1911,  when,  in  accordance  with  a  resolution 
of  the  Board  of  Directors,  President  Jackson  appointed  a  committee. 
The  personnel  of  this  committee,  as  reappointed  by  President  Dunn  in 
August,  1911,  is  as  follows: 

George  F.  Sever,  Chairman. 
H.  W.  Buck  Charles  P.  Steinmet7 

Samuel  Reber  Henry  G.  Stott 

Schuyler  Skaats  Wheeler 
This  committee's  work  was  presented  in  a  report  to  the  Board  of 
Directors  on  February  9,  1912,  when  the  code  was  tentatively  adopted. 
After  a  month's  careful  analysis  and  consideration  of  numerous  sugges- 
tions from  the  advisory  members  of  the  committee  and  others,  the 
completed  code  was  adopted  at  the  meeting  of  the  Board  of  Directors  on 
March  8,  1912. 

At  the  meeting  of  February  9,  the  title  of  the  committee  and  of  the 
code  was  changed  from  that  of  Code  of  Ethics  to  Code  of  Principles  of 
Professional  Conduct. 

The  committee  was  assisted  by  eighteen  advisory  members  appointed 
by  the  President.      Their  names  are  appended. 

William  S.  Barstow  Henry  H.  Norris 

Louis  Bell  Ralph  W.  Pope 

John  J.  Carty  Harris  J.  Ryan 

Francis  B.  Crocker  Charles  F.  Scott 

DuGALD  C.  Jackson  Samuel  Sheldon 

A.  E.  Kennelly  William  Stanley 

John  W.  Lieb,  Jr.  Lewis  B.  Stillwell 

C.  O.  Mailloux  Elihu  Thomson 

Ralph  D.  Mershon  W.  D.  Weaver 
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The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engi- 
neers herewith  presents  to  the  members  of  the  Institute  its  annual  report 
for  the  fiscal  year  ending  April  30,   1912. 

Brief  summaries  of  the  work  of  the  various  standing  and  special  com- 
mittees are  included  in  the  report,  and  also  a  detailed  financial  statement 
showing  the  condition  of  the  respective  funds  of  the  Institute,  the  receipts 
and  disbursements  for  the  year,  the  assets  and  liabilities,  and  a  con- 
densed cash  statement. 

Notwithstanding  the  fact  that  the  disbursements  for  the  year  far  exceed 
those  of  all  previous  years,  as  a  result  of  the  constantly  increasing  activ- 
ity and  scope  of  the  Institute,  there  is  an  excess  in  the  receipts  over  the 
disbursements  of  $5,574.35. 

Upon  recommendation  of  the  Finance  Committee,  the  Institute  pur- 
chased for  investment,,  in  June  1911.  $15,000  par  value  Wilmington 
Del.,  4 J  per  cent,  registered  bonds. 

The  Board  of  Directors  has  held  nine  regular  monthly  meetings  at 
Institute  headquarters  during  the  year,  and  c>ne  meeting  at  the  Chicago 
Convention   in  June   1911. 

The  Annual  Convention  was  held  in  Chicago  June  26-30,  1911.  The 
registered  attendance  was  578  members  and  380  guests,  a  total  of  964, 
which  was  the  largest  convention  attendance  in  the  history  of  the  Institute. 

The  Pacific  Coast  Meeting  was  held  in  Portland.  Oregon,  April  16-20, 
1912,  and  was  attended  by  210  members  and  guests,  including  delegations 
from  Jill  the  principal  Pacific  Coast  cities. 

A  three  day  meeting  under  the  auspices  of  the  Pittsburgh  Section  and 
the  Industrial  Power  Committee,  in  conjunction  with  the  Association  of 
Iron  and  Steel  Electrical  Engineers,  was  held  in  Pittsburgh  April  25-28, 
1912.     The  attendance  at  this  meeting  was  265. 

At  the  Chicago,  Portland  an<l  Pittsburgh  meetings,  in  addition  to 
the  large  number  of  excellent  papers  presented  and  discussed,  the  pro- 
grams included  inspection  trips  an<l  other  interesting  features  arranged 
by  local  committees,  which  were  both  enjoyable  and  profitable  to  all 
who  participated. 

During  the  year  President  Dunn  presided  at  the  Pittsburgh  meeting  and 
at  the  Pacific  Coast  meeting  at  Portland.  He  also  visited  the  Sections 
at  Ithaca,  Cleveland,  Boston,  San  Francisco,  Los  Angeles,  St.  Louis  and 
Lynn. 

At   the    Chicago  Convention  the  resignation  of  Mr.  RaA.-^V^  ^  .  ^^"^^ 
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engineer  permanently  retained  by  a  party,  should  notify  others  of  this 
affiliation  before  entering  into  relations  with  them,  if,  in  his  opinion,  the 
interests  might  conflict. 

7.  An  engineer  should  consider  it  his  duty  to  make  every  effort  to 
remedy  dangerous  defects  in  apparatus  or  structures  or  dangerous  con- 
ditions of  operation,  and  should  bring  these  to  the  attention  of  his 
client  or  employer. 

C.     Ownership  Of  Engineering  Records  And  Data 

8.  It  is  desirable  that  an  engineer  undertaking  for  others  work  in 
connection  with  which  he  may  make  improvements,  inventions,  plans, 
designs,  or  other  records,  should  enter  into  an  agreement  regarding  their 
ownership. 

9.  If  an  engineer  uses  information  which  is  not  common  knowl- 
edge or  public  property,  but  which  he  obtains  from  a  client  or  em- 
ployer, the  results  in  the  form  of  plans,  designs,  or  other  records,  should 
not  be  regarded  as  his  property,  but  the  property  of  his  client  or  em- 
ployer. 

10.  If  an  engineer  uses  only  his  own  knowledge,  or  information 
which  by  prior  publication,  or  otherwise,  is  public  property  and  ob- 
tains no  engineering  data  from  a  client  or  employer,  except  performance 
specifications  or  routine  information;  then  in  the  absence  of  an  agree- 
ment to  the  contrary  the  results  in  the  form  of  inventions,  plans,  designs, 
or  other  records,  should  be  regarded  as  the  property  of  the  engineer,  and 
the  client  or  employer  should  be  entitled  to  their  use  only  in  the  case  for 
which  the  engineer  was  retained. 

11.  All  work  and  results  accomplished  by  the  engineer  in  the  form  of 
inventions,  plans,  designs,  or  other  records,  that  are  outside  of  the  field 
of  engineering  for  which  a  client  or  employer  has  retained  him,  should  be 
regarded  as  the  engineer's  property  unless  there  is  an  agreement  to  the 
contrary. 

12.  When  an  engineer  or  manufacturer  builds  apparatus  from  designs 
supplied  to  him  by  a  customer,  the  designs  remain  the  property  of  the 
customer  and  should  not  be  duplicated  by  the  engineer  or  manufacturer  for 
others  without  express  permission.  When  the  engineer  or  manufacturer 
and  a  customer  jointly  work  out  designs  and  plans  or  develop  inventions 
a  clear  understanding  should  be  reached  before  the  beginning  of  the  work 
regarding  the  respective  rights  of  ownership  in  any  inventions,  designs, 
or  matters  of  similar  character,  that  may  result. 

13.  Any  engineering  data  or  information  which  an  engineer  obtains 
from  his  client  or  employer,  or  which  he  creates  as  a  result  of  such  infor- 
mation, must  be  considered  confidential  by  the  engineer;  and  while  he 
is  justified  in  using  such  data  or  information  in  his  own  practise  as  forming 
part  of  his  professional  experience,  its  publication  without  express  per- 
mission is  improper. 

14.  Designs,  data,  records  and  notes  made  by  an  employee  and  refer- 
ring exclusively  to  his  employer's  work,  should  be  regarded  as  his  em- 
ployer's property. 

15.  A  customer,  in  buying  apparatus,  does  not  acquire  any  right  in  its 
design  but  only  the  use  of  the  apparatus  purchased.     A  client  does  not 
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acquire  any  right  to  the  plans  made  by  a  consulting  engineer  except^for 
the  specific  case  for  which  they  were  made. 

D.     The  Engineer's  Relations  To  The  Public 

16.  The  engineer  should  endeavor  to  assist  the  public  to  a  fair  and  cor- 
rect general  understanding  of  engineering  matters,  to  extend  the  general 
knowledge  of  engineering,  and  to  discourage  the  appearance  of  untrue, 
unfair  or  exaggerated  statements  on  engineering  subjects  in  the  press  or 
elsewhere,  especially  if  these  statements  may  lead  to,  or  are  made  for  the 
purpose  of,  inducing  the  public  to  participate  in  unworthy  enterprises. 

17.  Technical  discussions  and  criticisms  of  engineering  subjects  should 
not  be  conducted  in  the  public  press,  but  before  engineering  societies,  or 
in  the  technical  press. 

18.  It  is  desirable  that  first  publication  concerning  inventions  or 
other  engineering  advances  should  not  be  made  through  the  public  press, 
but  before  engineering  societies  or  through  technical  publications. 

19.  It  is  unprofessional  to  give  an  opinion  on  a  subject  without  being 
fully  informed  as  to  all  the  facts  relating  thereto  and  as  to  the  purposes 
for  which  the  information  is  asked.  The  opinion  should  contain  a  full 
statement  of  the  conditions  under  which  it  applies. 

K.     The  Engineer's  Relations  To  The  Engineering  Fraternity 

20.  The  engineer  should  take  an  interest  in  and  assist  his  fellow  en« 
gineers  by  exchange  of  general  information  and  experience,  by  instruction 
and  similar  aid,  through  the  engineering  societies  or  by  other  means.  He 
should  endeavor  to  protect  all  reputable  engineers  from  misrepresentation. 

21.  The  engineer  should  take  care  that  credit  for  engineering  work  is 
attributed  to  those  who,  so  far  as  his  knowledge  of  the  matter  goes,  arc 
the  real  authors  of  such  work. 

22.  An  engineer  in  responsible  charge  of  work  should  not  permit  non- 
technical persons  to  overrule  his  engineering  judgments  on  purely  en- 
gineering grounds. 

F.     Amendments 

Additions  to,  or  modifications  in,  this  Code  may  be  made  by  the  Board 
of  Directors  under  the  procedure  applying  to  a  by-law. 


HISTORY   OF  THE  CODE 

At  the  Milwaukee  Convention  in  May,  1906,  Dr.  Schuyler  Skaats 
Wheeler  delivered  his  presidential  address  on  "  Engineering  Honor."  It 
was  the  sense  of  the  Convention  that  the  ideas  contained  in  this  address 
should  be  embodied  in  a  Code  of  Ethics  for  the  electrical  engineering 
profession,  and  to  this  end  the  following  committee  was  appointed  in 
October,  1906: 

Schuyler  Skaats  Wheeler,  Chairman. 

H.  W.  Buck  Charles  P.  Steinmetz 

III  May,  1907,  the  committee  reported  a  code  to  the  President  and  Board 

of  Directors  for  discussion  at  the  June  Convention  at  Niagara  Falls.     It 

was  discussed  and  adofited  by  the  Convention  but  later  the  adoption  had 

to  be  set  asi<lo  tm  account  of  the  provisions  of  the  Constitution  prohibiting 
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Conventions  from  acting  upon  questions  affecting  the  Institute's  organiza- 
tion or  policy. 

It  was  taken  up  by  the  Board  of  Directors  on  August  30,  1907,  revised, 
printed  and  submitted  to  the  membership  for  suggestions  to  be  sent  to 
a  new  committee  appointed  by  President  Stott. 

It  lay  dormant  until  June,  1911,  when,  in  accordance  with  a  resolution 
of  the  Board  of  Directors,  President  Jackson  appointed  a  committee. 
The  personnel  of  this  committee,  as  reappointed  by  President  Dunn  in 
August,  1911,  is  as  follows: 

George  F.  Sever,  Chairman. 
H.  W.  Buck  Charles  P.  Steinmetz 

Samuel  Reber  Henry  G.  Stott 

Schuyler  Skaats  Wheeler 
This  committee's  work  was  presented  in  a  report  to  the  Board  of 
Directors  on  February  9,  1912,  when  the  code  was  tentatively  adopted. 
After  a  month's  careful  analysis  and  consideration  of  numerous  sugges- 
tions from  the  advisory  members  of  the  committee  and  others,  the 
completed  code  was  adopted  at  the  meeting  of  the  Board  of  Directors  on 
March  8,  1912. 

At  the  meeting  of  February  9,  the  title  of  the  committee  and  of  the 
code  was  changed  from  that  of  Code  of  Ethics  to  Code  of  Principles  of 
Professional  Conduct. 

The  committee  was  assisted  by  eighteen  advisory  members  appointed 
by  the  President.      Their  names  are  appended. 

William  S.  Barstow  Henry  H.  Norris 

Louis  Bell  Ralph  W.  Pope 

John  J.  Carty  Harris  J.  Ryan 

Francis  B.  Crocker  Charles  F.  Scott 

Dugald  C.  Jackson  Samuel  Sheldon 

A.  E.  Kennelly  William  Stanley 

John  W.  Lieb,  Jr.  Lewis  B.  Stillwell 

C.  O.  Mailloux  Elihu  Thomson 

Ralph  D.  Mershon  W.  D.  Weaver 
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REPORT  OF  THE  BOARD  OF  DIRECTORS  FOR  THE  FISCAL 

YEAR  ENDING  APRIL  30,  1912 


The  Board  of  Directors  of  the  American  Institute  of  Electrical  Engi- 
neers herewith  presents  to  the  members  of  the  Institute  its  annual  report 
for  the  fiscal  year  ending  April  30,   1912. 

Brief  summaries  of  the  work  of  the  various  standing  and  special  com- 
mittees are  included  in  the  report,  and  also  a  detailed  financial  statement 
showing  the  condition  of  the  respective  funds  of  the  Institute,  the  receipts 
and  disbursements  for  the  year,  the  assets  and  liabilities,  and  a  con- 
densed cash  statement. 

Notwithstanding  the  fact  that  the  disbursements  for  the  year  far  exceed 
those  of  all  previous  years,  as  a  result  of  the  constantly  increasing  activ- 
ity and  scope  of  the  Institute,  there  is  an  excess  in  the  receipts  over  the 
disbursements  of  $5,574.35. 

Upon  recommendation  of  the  Finance  Committee,  the  Institute  pur- 
chased for  investment,,  in  June  1911,  $15,000  par  value  Wilmington 
Del.,  4}  per  cent,  registered  bonds. 

The  Board  of  Directors  has  held  nine  regular  monthly  meetings  at 
Institute  headquarters  during  the  year,  and  one  meeting  at  the  Chicago 
Convention  in  June   1911. 

The  Annual  Convention  was  held  in  Chicago  June  26-30,  1911.  The 
registered  attendance  was  578  members  and  386  guests,  a  total  of  964, 
which  was  the  largest  convention  attendance  in  the  history  of  the  Institute. 

The  Pacific  Coast  Meeting  was  held  in  Portland,  Oregon,  April  16-20, 
1912,  and  was  attended  by  210  members  and  guests,  including  delegations 
from  all  the  principal  Pacific  Coast  cities. 

A  three  day  meeting  under  the  auspices  of  the  Pittsburgh  Section  and 
the  Industrial  Power  Committee,  in  conjunction  with  the  Association  of 
Iron  and  Steel  Electrical  Engineers,  was  held  in  Pittsburgh  April  25-28, 
1912.     The  attendance  at  this  meeting  was  265. 

At  the  Chicago,  Portland  and  Pittsburgh  meetings,  in  addition  to 
the  large  number  of  excellent  papers  presented  and  discussed,  the  pro- 
grams included  inspection  trips  and  other  interesting  features  arranged 
by  local  committees,  which  were  both  enjoyable  and  profitable  to  all 
who  participated. 

During  the  year  President  Dunn  presided  at  the  Pittsburgh  meeting  and 
at  the  Pacific  Coast  meeting  at  Portland.  He  also  visited  the  Sections 
at  Ithaca,  Cleveland,  Boston.  San  Francisco,  Los  Angeles,  St.  Louis  and 
Lynn. 

At  the   Chicago  Convention  the  resignation  of  Mr.  Ralph  W.  Pope 

2231 


2236  REPORT  OF  BOARD  OF  DIRECTORS  [May  21 

has  been  an  extremely  broad  and  general  discussion  of  all  active  high- 
tension  subjects.  There  is  to  be  a  regular  Institute  meeting  at  Schenec- 
tady in  May,  half  of  which  will  be  devoted  to  high-tension  transmission 
work,  and  a  session  will  also  be  devoted  to  the  subject  at  the  Annual 
Convention  at  Boston  in  June.  There  has  been  a  great  deal  of  cor- 
respondence with  different  Sections  and  Branches,  and  in  many  cases 
speakers  have  been  arranged  for  by  the  committee. 

Electric  Lighting  Committee. — The  Electric  Lighting  Committee  has 
obtained  five  papers  during  the  year  on  electric  lighting  subjects.  One 
of  these  was  presented  at  the  Pacific  Coast  Meeting  held  in  Portland, 
Oregon,  in  April,  and  the  other  four  will  be  presented  at  the  Institute's 
Boston  Convention  in  June. 

Industrial  Power  Committee. — The  Industrial  Power  Committee 
organized  in  Pittsburgh,  in  connection  with  the  Pittsburgh  Section,  a  joint 
meeting  with  the  Association  of  Iron  and  Steel  Electrical  Engineers.  The 
meeting  was  held  April  25-27,  and  10  papers  on  various  subjects  relating  to 
industrial  power  were  presented.  The  committee  has  also  obtaijied  a 
number  of  papers  for  presentation  at  the  Annual  Convention. 

Telegraphy  and  Telephony  Committee. — This  committee  has  held  one 
meeting  during  the  year,  and  has  carried  on  considerable  correspondence. 
The  committee  has  obtained  a  number  of  valuable  papers  dealing  with 
telegraphy  and  telephony.  Some  of  these  were  presented  at  the  Pacific 
Coast  Meeting  in  Portland,  Oregon,  in  April,  and  others  will  be  presented 
at  the  Annual  Convention  in   Boston  in  June. 

Power  Station  Committee. — It  was  the  intention  of  the  Power  Station 
Committee  to  have  a  meeting  under  its  auspices  at  which  would  be 
presented  a  number  of  brief  papers  descriptive  of  the  latest  developments 
in  the  constituent  parts  of  a  typical  large  power  station.  As  the  season 
advanced,  however,  it  was  found  that  the  amount  and  variety  of  material 
offered  made  it  unnecessary  to  set  aside  a  meeting  for  this  specific  purpose 
but  the  main  items  were  covered  in  other  meetings  during  the  year. 

Electrochemical  Committee. — At  the  beginning  of  the  season  the 
Electrochemical  Committee  endeavored  to  get  a  sufficient  number  of 
papers  on  electrochemical  subjects  to  devote  one  of  the  regular  monthly 
meetings  of  the  Institute  in  New  York  to  electrochemistry.  It  was  not 
possible  to  obtain  the  papers  in  time  for  such  a  meeting,  and  the  com- 
mittee therefore  decided  to  postpone  the  presentation  of  the  papers  until 
the  Annual  Convention.  The  committee  has  succeeded  in  obtaining 
for  the  convention  six  papers,  and  a  session  will  be  devoted  to  the  subject. 

Electrophysics  Committee. — This  new  committee  was  created  by  the  Board 
in  recognition  of  the  fact  that  Electrophysics  has  ceased  to  be  solely  science 
and  has  become  an  important  practical  factor  in  electrical  engineering.  It 
was  appointed  late  in  the  year  and  therefore  has  not  been  able  to  accomplish 
as  much  as  it  might  have  done  if  appointed  at  the  usual  time.  No  meetings 
have  been  held  during  the  few  months  that  elapsed  since  the  committee  was 
appointed,  but  it  has  secured  a  number  of  papers  on  various  subjects  included 
within  the  field  of  electrophysics  for  the  Boston  Convention,  and  it  is 
believed  that  next  year's  committee  on  electrophysics  wiU  find  it  possible 
to  secure  a  larger  number  of  valuable  papers  on  this  subject. 

Educational  Committee. — The  Educational  Committee  was  reorganized 
on  account  of  the  resignation  of  the  original  chairman  and  the  appoint- 
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On  October  13,  1911,  resolutions  were  adopted  by  the  Board  directing 
the  Editing  Committee  to  regard  as  standard  practise  and  to  continue 
the  insertion  in  its  publications  of  metric  equivalents,  after  each  expres- 
sion of  values  in  English  measures;  also  that  the  Institute  adopt  the 
standard  international  symbology  decided  upon  by  the  International 
Electrotechnical  Commission;  also  that  the  Institute  adopt  as  the  standard 
direction  for  expressing  advancement  of  phase  in  graphic  diagrams  of 
alternating-current  quantities  the  counter-clockwise  direction  standardized 
by  the  International  Electrotechnical  Commission. 

The  President  was  also  authorized  to  correspond  with  the  officers  of  the 
leading  European  societies  of  electrical  engineers  with  a  view  to  estabUshing 
reciprocal  visiting  member  privileges  for  the  mutual  advantage  of  Eiu'opean 
electrical  engineers  visiting  the  United  States  and  American  engineers  visit- 
ing the  various  countries  of  Europe. 

At  the  November  1911  meeting  of  the  Board  a  new  By-law  was  adopted 
providing  for  preliminary  nominations  of  officers  of  the  Institute  by 
petition.  This  has  met  with  general  approval,  as  was  evidenced  in  the 
recent  nominations  for  officers  for  1912-1913. 

On  January  12,  1912,  Mr.  F.  L.  Hutchinson,  formerly  Assistant  Secre- 
tary, and  Acting  Secretary  since  Mr.  Pope's  resignation,  was  appointed 
by  the  Board  of  Directors  as  Secretary  of  the  Institute,  to  fill  the  un- 
expired term  of  Mr.  Ralph  W.  Pope. 

The  Board  also  unanimously  approved  the  proposed  amendment  to 
the  Constitution  providing  for  the  appointment  of  the  Secretary  by  the 
Board  instead  of  his  election  by  the  membership,  and  directed  that  this 
amendment  be  submitted  to  the  membership  for  a  vote. 

At  the  same  meeting,  in  accordance  with  the  provision  of  the  Consti- 
tution by  which  Honorary  Members  may  be  chosen  from  among  those  who 
have  rendered  acknowledged  eminent  service  to  electrical  engineer- 
ing, Professor  Andre  Blondel,  of  Paris,  Mr.  C.  E.  L.  Brown,  of  Baden, 
Switzerland,  Dr.  Emil  Budde,  of  Berlin,  Mr.  Sebastian  Z.  de  Ferranti, 
of  London,  and  Professor  Antonio  Pacinotti,  of  Pisa,  Italy,  were  elected 
Honorary  Members.  These  were  the  first  names  to  receive  the  distinc- 
tion of  honorary  membership  since  1892. 

A  trip  to  the  Panama  Canal  for  members  and  their  guests  was  author- 
ized by  the  Board  last  fall,  and  on  January  17,  1912,  a  party  of  69  mem- 
bers and  guests  sailed  from  New  York  on  the  steamer  Almirante.  Another 
party  of  51  members  and  guests  left  New  Orleans  on  the  steamer  Cartago 
on  January  20.  The  parties  combined  at  Panama,  and  were  afforded 
unusual  facilities  for  inspecting  the  engineering  features  of  the  great 
canal.  A  report  of  the  trip  was  published  on  page  283  of  the  March 
Proceedings. 

On  February  9,  the  Board  adopted  a  resolution  recognizing  the  pro- 
priety of  permitting  the  use  to  the  members  of  the  columns  of  the  Pro- 
ceedings for  the  expression  of  their  criticisms  and  views  on  Institute 
affairs.  Since  the  passage  of  this  resolution  "  The  Forum  *'  has  been 
used  to  a  considerable  extent  for  the  discussion  of  various  questions, 
particularly  the  constitutional  amendments. 

In  addition  to  the  work  mentioned  in  this  report,  much  has  been  ac- 
complished  by   the   various   permanent  and  special  committees  as  re- 
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ported  from  time  to  time  in  the  Institute  Proceedings.  Prom  the  fore- 
going statements  and  the  following  brief  reports  of  the  work  of  many 
of  the  committees,  it  will  be  seen  that  the  Institute's  field  of  activity 
is  constantly  broadening,  and  that  a  vast  amount  of  useful  work  has  been 
accomplished  during  the  past  year. 

Sections  Committee. — The  Sections  Committee  is  able  to  report  an 
increased  activity  in  its  work  during  the  past  year.  In  line  with  similar 
statements  of  previous  years,  the  activities  of  the  Sections  Committee 
are  summarized  in  the  following  table. 


Year  Ending 


May  1  May  1  May  1  May  1  May  1 

1908  1909  1910  1911  1912 


Sbctions  '  II 

Number  of  Sections 21  24  25  25  28 

Number  of  Section  meetings 
held '         141  169  187  208  231 

1  t 

Total  attendance 7.476  16.427  16.694  15.243     >     19.800 

I  ' 

Number  of  Branches 22  26  31  36  42 

Number  of  Branch  meetings 

held I  143  198  237  255  281 

I 

Attendance i      4.128  8.443  10.255  10.714  10.255 


The  foregoing  table  does  not  show  by  any  means  all  of  the  increased 
activities  of  our  various  Sections.  Not  only  has  the  amount  of  work 
increased  as  indicated  in  the  foregoing  table,  but  the  character  has  during 
the  last  year  or  two  shown  a  marked  improvement.  The  number  of  origi- 
nal papers  which  is  being  produced  by  our  various  Sections  is  increasing 
to  an  astonishing  degree.  Practically  every  Section  now  has  presented 
at  its  meetings  original  papers  of  a  value  which  is  comparable  to  that  of 
the  papers  presented  at  the  regular  Institute  meetings.  Not  only  have 
the  Section  meetings  themselves  shown  increased  activity  and  improved 
character,  but  the  recent  movement  to  hold  regular  Institute  meetings 
in  various  parts  of  the  country  has  done  much  to  stimulate  Section 
activity.  In  addition  to  the  regular  Section  meetings  shown  in  the  pre- 
ceding summary,  regular  Institute  meetings  have  been  held  in  Boston. 
Mass.,  Portland,  Oregon.  Pittsburgh,  Pa.,  and  in  Schenectady.  N.  Y. 
Some  of  these  meetings  have  occupied  a  period  of  three  days. 

As  indicated  in  the  summary,  three  new  Sections  have  been  added 
during  the  past  year;  namely,  at  Lynn.  Mass.,  Indianapolis- Lafayette, 
and  Vancouver.  B.  C.  These  new  Sections  have  taken  hold  well,  and 
already  20  meetings,  with  a  total  attendance  of  2.249,  have  been  held  by 
these  throe  new  Sections. 

Six  new  Branches  have  been  added  during  the  year  as  follows:  L^ni- 
versily  of  California,  Ohio  Northern  University,  Oklahoma  Agricultural 
and  Mechanical  College,  Rose  Polytechnic  Institute,  L'niversity  of  Vir- 
ginia, and  Yale  University, 
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The  uniform  basis  of  Section  expenditures  which  was  adopted  a  year 
ago  is  working  to  the  satisfaction  of  all  concerned. 

In  brief,  the  Sections  Committee  reports  a  satisfactory  year. 

Meetings  and  Papers  Committee. — During  the  year  this  committee 
has  arranged  for  eight  regular  meetings  in  New  York,  and  has  co-operated 
in  and  approved  the  programs  for  the  Pacific  Coast  Meeting  held  in 
Portland,  Ore.,  April  16th  to  20th,  1912,  and  the  Industrial  Power  Meet- 
ing held  in  Pittsburgh,  April  26th  to  27th,  1912.  A  total  of  thirty  technical 
papers  were  presented  and  discussed  at  these  meetings.  The  committee 
has  also  approved  the  plans  and  program  for  the  meeting  to  be  held  in 
Schenectady,  N.  Y.,  on  May  17th.  At  this  meeting,  which  is  under  the 
auspices  of  the  Schenectady  Section,  ten  papers  will  be  presented. 

At  the  1911  Annual  Convention  held  in  Chicago  under  the  auspices 
of  last  year's  committee,  35  technical  papers  were  presented.  Prepara- 
tions are  now  being  made  for  the  1912  Annual  Convention  to  be  held  in 
Boston,  June  24th  to  28th,  at  which  about  35  papers  upon  a  wide  variety 
of  subjects  will  be  presented.  The  program  will  include  joint  sessions 
with  the  Illuminating  Engineering  Society  and  the  Society  for  the  Pro- 
motion of  Engineering  Education. 

New  York  Reception  Committee. — This  committee  was  established 
by  the  Board  of  Directors  in  December,  1911,  to  raise  funds  for  and 
to  take  charge  of  the  smokers  which  have  been  held  in  the  Institute 
rooms  immediately  after  the  technical  sessions  at  the  New  York  meetings. 
These  smokers  have  enjoyed  an  increasing  popularity  very  greatly  in- 
creasing the  attendance  at  the  meetings  and  affording  an  excellent 
opportunity  for  social  intercourse  of  members  and  their  guests.  The 
finances  to  defray  the  expenses  of  the  smokers  have  been  collected  by 
the  Reception  Committee  in  the  form  of  voluntary  contributions. 

This  committee  also  arranged  for  a  dinner  which  was  attended  by 
members  of  the  Board  of  Directors  and  several  Past- Presidents  on  April 
1st,  1912,  in  honor  of  Mr.  C.  E.  L.  Brown,  of  Switzerland,  who  had 
recently  been  elected  an  Honorary  Member  of  the  Institute. 

Railway  Committee — The  committee  avoided  any  efforts  to  obtain 
papers  which  would  not  add  materially  to  electric  railway  information,  or 
which  might  be  in  the  nature  of  duplication  of  other  papers. 

One  notable  contribution  along  a  new  line  was  arranged  for  by  the 
committee;  that  by  President  Samuel  Insull  of  the  Commonwealth 
Edison  Company,  on  the  general  subject  of  consolidating  power  plants, 
and  treating  the  railway  demands,  whether  urban,  interurban  or  trunk 
line,  simply  as  large  customers  in  a  general  system.  On  the  presentation 
of  this  paper  it  was  decided  to  have  it  revised  and  printed  for  presentation 
at  the  Annual  Convention  in  Boston  in  June  for  discussion. 

Realizing  that  much  of  the  opposition  to  the  electrification  of  trunk 
line  railways  is  due  to  lack  of  detailed  operative  information,  as  well  as 
figures  of  first  cost  of  installation,  a  series  of  blanks  have  been  prepared 
by  a  sub-committee  which  it  is  hoped  may  be  filled  up  by  the  various 
important  steam  railways  operating  electrical  sections  so  that  there  may 
be  strictly  comparative  information  at  hand. 

High-Tension  Transmission  Committee. — Every  Section  and  Branch 
has  held  a  special  meeting  on  high-tension  transmission  work,  and  there 
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has  been  an  extremely  broad  and  general  discussion  of  all  active  high- 
tension  subjects.  There  is  to  be  a  regular  Institute  meeting  at  Schenec- 
tady in  May,  half  of  which  will  be  devoted  to  high-tension  transmission 
work,  and  a  session  will  also  be  devoted  to  the  subject  at  the  Annual 
Convention  at  Boston  in  June.  There  has  been  a  great  deal  of  cor- 
respondence with  different  Sections  and  Branches,  and  in  many  cases 
speakers  have  been  arranged  for  by  the  committee. 

Electric  Lighting  Committee. — The  Electric  Lighting  Committee  has 
obtained  five  papers  during  the  year  on  electric  lighting  subjects.  One 
of  these  was  presented  at  the  Pacific  Coast  Meeting  held  in  Portland, 
Oregon,  in  April,  and  the  other  four  will  be  presented  at  the  Institute's 
Boston  Convention  in  June. 

Industrial  Power  Committee. — The  Industrial  Power  Committee 
organized  in  Pittsburgh,  in  connection  with  the  Pittsburgh  Section,  a  joint 
meeting  with  the  Association  of  Iron  and  Steel  Electrical  Engineers.  The 
meeting  was  held  April  25—27,  and  10  papers  on  various  subjects  relating  to 
industrial  power  were  presented.  The  committee  has  also  obtained  a 
number  of  papers  for  presentation  at  the  Annual  Convention. 

Telegraphy  and  Telephony  Committee. — This  committee  has  held  one 
meeting  during  the  year,  and  has  carried  on  considerable  correspondence. 
The  committee  has  obtained  a  number  of  valuable  papers  dealing  with 
telegraphy  and  telephony.  Some  of  these  were  presented  at  the  Pacific 
Coast  Meeting  in  Portland,  Oregon,  in  April,  and  others  will  be  presented 
at  the  Annual  Convention  in  Boston  in  June. 

Power  Station  Committee. — It  was  the  intention  of  the  Power  Station 
Committee  to  have  a  meeting  under  its  auspices  at  which  would  be 
presented  a  number  of  brief  papers  descriptive  of  the  latest  developments 
in  the  constituent  parts  of  a  typical  large  power  station.  As  the  season 
advanced,  however,  it  was  found  that  the  amount  and  variety  of  material 
offered  made  it  unnecessary  to  set  aside  a  meeting  for  this  specific  purpose 
but  the  main  items  were  covered  in  other  meetings  during  the  year. 

Electrochemical  Committee. — At  the  beginning  of  the  season  the 
Electrochemical  Committee  endeavored  to  get  a  sufficient  number  of 
papers  on  electrochemical  subjects  to  devote  one  of  the  regular  monthly 
meetings  of  the  Institute  in  New  York  to  electrochemistry.  It  was  not 
possible  to  obtain  the  papers  in  time  for  such  a  meeting,  and  the  com- 
mittee therefore  decided  to  postpone  the  presentation  of  the  papers  until 
the  Annual  Convention.  The  committee  has  succeeded  in  obtaining 
for  the  convention  six  papers,  and  a  session  will  be  devoted  to  the  subject. 

Electrophysics  Committee. — This  new  committee  was  created  by  the  Board 
in  recognition  of  the  fact  that  Electrophysics  has  ceased  to  be  solely  science 
and  has  become  an  important  practical  factor  in  electrical  engineering.  It 
was  appointed  late  in  the  year  and  therefore  has  not  been  able  to  accomplish 
as  much  as  it  might  have  done  if  appointed  at  the  usual  time.  No  meetings 
have  been  held  during  the  few  months  that  elapsed  since  the  committee  was 
appointed,  but  it  has  secured  a  number  of  papers  on  various  subjects  included 
within  the  field  of  electrophysics  for  the  Boston  Convention,  and  it  is 
believed  that  next  year's  committee  on  electrophysics  will  find  it  possible 
to  secure  a  larger  number  of  valuable  papers  on  this  subject. 

Educational  Committee. — The  Educational  Committee  was  reorganized 
on  account  of  the  resignation  of  the  original  chairman  and  the  appoint- 
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ment  of  his  successor  last  October.  At  the  first  meeting  thereafter,  it 
was  decided  to  take  up  the  consideration  and  study  of  vocational  and 
industrial  education  in  the  United  States.  The  subject  was  divided  into 
parts,  as  follows: 

A  study  of  the  present  schools  now  established  in  which  distinction 
is  made  between  those  maintained  by  industrial  corporations  for  their 
own  purposes,  those  maintained  by  public  taxes,  and  those  maintained 
by  private  benevolences;  the  second  part,  a  study  of  the  laws  in  existence 
for  the  establishment  and  maintenance  of  vocational  schools;  third, 
from  the  data  gathered,  the  presentation  of  such  elementary  principles 
as  appear  from  experience  to  be  wise  in  the  development  of  this  particular 
form  of  education. 

The  committee  divided  the  country  into  several  sections  and  members 
were  assigned  to  sections  for  gathering  data  and  information  with  regard 
to  existent  schools.  A  member  of  the  committee  was  assigned  for  the 
project  of  gathering  together  all  laws  on  vocational  education  at  present 
existent  in  the  United  States.  Much  work  has  been  done  by  the  com- 
mittee as  above  outlined  and  arrangements  have  been  made  with  the 
Meetings  and  Papers  Committee  to  have  the  results  presented  at  the 
Annual  Convention. 

Editing  Committee. — Since  April  30,  1911,  there  have  been  edited  and 
published  12  numbers  of  the  Proceedings.  The  total  number  of 
pages  contained  in  these  Proceedings  is  2,582.  Of  these,  404  pages  have 
appeared  in  Section  I,  and  2,178  in  Section  II.  Volume  XXX  of 
the  Transactions,  consisting  of  the  papers  and  discussions  presented 
during  the  calendar  year  1911  and  the  report  of  the  Board  of  Directors 
for  the  fiscal  year  ending  April  30,  1911,  will  be  issued  in  three  parts, 
and  will  contain  about  2,700  pages,  more  than  any  previous  volume  of 
the  Institute  Transactions.  With  the  third  part  still  to  be  printed,  the 
first  two  parts  contain  1,742  pages,  only  six  pages  less  than  the  whole  of 
Volume  XXIX. 

The  reports  and  discussions  submitted  by  the  Sections  and  Branches, 
and  the  discussions  presented  at  the  regular  Institute  meetings,  have  been 
edited  and  published  under  the  supervision  of  the  Editing  Committee. 

Standards  Committee. — The  Standards  Committee  has  held  monthly 
meetings  in  New  York.  It  was  voted  that  no  new  edition  of  the  Standard- 
ization Rules  should  be  issued  this  year.  A  sub-committee  was,  however, 
appointed  to  collect  material  for  a  complete  revision  of  the  Rules. 

A  post-card  invitation  was  issued  from  the  Institute  office  to  all  Mem- 
bers and  Associates  requesting  that  suggestions  for  amendments  and  modi- 
fications in  the  Rules  should  be  forwarded  to  the  secretary  of  the  com- 
mittee, with  a  view  of  being  included,  if  approved,  at  the  next  revision. 

A  special  sub-committee  was  also  appointed  to  consider  the  modifi- 
cations in  the  Rules  for  the  rating  of  machinery. 

The  following  subjects  have  occupied  the  attention  of  other  special 
sub-committees  during  the  year:  electric  cable  terminology,  definitions 
for  the  Committee  on  Code  of  Principles  of  Professional  Conduct,  co- 
operation with  like  committees  of  other  societies,  international  copper 
resistivity  standards,  questions  of  international  nomenclature  and 
international  rating.  Action  was  taken  on  some  of  the  above  subjects, 
a«  wf'U  as  on  others  not  included  in  the  list. 
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Communications  have  been  held  with  the  Bureau  of  Standards,  and 
also  with  the  American  Society  for  Testing  Materials,  in  regard  to  the 
preparation  of  a  new  electrical  table  of  copper  wires. 

Communications  have  also  been  exchanged  with  the  U.  S.  National 
Committee  of  the  International  Electrotechnical  Commission. 

Code  Committee. — The  Code  Committee  held  a  meeting  on  March  12, 
1912,  with  representatives  of  the  Natiofial  Electric  Light  Association,  the 
Association  of  Edison  Illuminating  Companies,  and  the  National  Inspec- 
tors Association,  and  concurred  in  a  joint  recommendation  to  the  National 
Fire  Protection  Association  in  regard  to  the  grounding  of  secondaries. 

On  March  27,  1912,  Mr.  Farley  Osgood,  representing  the  A.  I.  E.  E., 
attended  the  annual  conference  of  the  Electricity  Committee  of  the 
National  Fire  Protection  Association.  Mr.  Osgood's  report  is  printed 
in  full  in  the  May  Proceedings. 

Law  Committee. — The  Law  Committee,  in  its  advisory  capacity,  has 
during  the  year  presented  its  views  with  reference  to  the  provisions  of 
the  Constitution  bearing  upon  actions  of  the  Sections;  the  publication 
of  the  names  of  candidates  for  nomination,  and  the  management  of  the 
library;  also  upon  certain  jjroposed  amendments  of  the  Constitution 
with  reference  to  the  appointment  of  the  Secretary  by  the  Board  of 
Directors,  and  providing  for  an  additional  grade  of  membership.  The 
committee  has  also  presented  its  opinion  with  reference  to  the  Code  of 
Principles  of  Professional  Conduct. 

Under  the  Constitution,  the  Law  Committee,  being  an  advisory  com- 
mittee, has  undertaken  no  constructive  work  other  than  such  as  may 
be  involved  in  the  consideration  of  the  subjects  brought  to  its  attention. 

Library  Committee. — In  accordance  with  Section  24  of  the  By-Laws 
of  the  Institute  we  beg  leave  to  submit  herewith  our  annual  report  for 
the  year  ending  April  30,  1912,  showing  the  state  of  the  library  and  in- 
cluding the  names  of  all  donors  to  it. 

During  the  year  a  mezzanine  floor  with  shelving  capable  of  holding 
about  15,000  volumes  has  been  erected  at  a  cost  of  $6,196.  The  additional 
shelves  have  been  filled  with  the  books  most  frequently  referred  to; 
they  are  reached  by  a  low  staircase  and  the  books  are  accessible  to  all 
readers.  The  appearance  of  the  main  room  has  been  much  improved  by 
this  addition  and  the  efficiency  of  the  service  of  the  attendants  has  been 
increased  thereby  considerably.  A  number  of  additions  have  been  made 
to  the  library  furniture  and  a  new  system  of  illumination  has  been  installed 
at  a  cost  of  $1,481. 

A  system  of  compilation  of  references  to  engineering  literature,  by 
special  search  through  the  publications  in  the  library,  has  been  inaugurated, 
the  searches  being  made  by  the  regular  library  attendants.  Since  its  inaugu- 
ration 181  such  investigations  have  been  made,  most  of  them  at  the  request 
of  members  residing  outside  of  New  York  City.  Duplicates  of  the  related 
reports  are  kept  on  file  and  it  has  already  been  disclosed  that  several 
requests  are  likely  to  refer  to  the  same  subject  matter. 

The  subject  card  catalogue  of  the  Schuyler  Skaats  Wheeler  collection 
is  practically  completed,  a  few  minor  items  remaining  to  be  entered. 

The  attendance  has  increased  over  the  previous  years,  even  though 
the  main  library  room  was  closed  for  three  months  during  the  alterations 
k  and  evening  admission  was  prohibited  during  September,  1911. 
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The  joint  library  of  the  Founder  Societies  now  contains  50,000  volumes, 
receives  currently  650  periodicals,  and  has  over  1100  sets  of  periodicals 

and  transactions.  The  growth  amounts  to  about  3000  volumes  per  an- 
num in  all  languages  and  this  includes  nearly  all  the  worthy  books  issued 
in  the  restricted  field  which  the  library  represents. 

Statistical  information  concerning  the  library  and  its  use  during  the 
year,  including  a  list  of  donors,  is  given  in  the  following  tables: 

Donors 
May  1,   1911— April  30,  1912 

ADAMS,  E.  D 8 

ADAMSON,   D 2 

A.   E.    G.   ZEITUNG .* • 1 

ALLGEMEINE    ELEKTRICITAT    GESELLSCHAFT 1    • 

AMERICAN   ELECTRIC   RAILWAY   ASSOCIATION 5 

AMERICAN   INSTITUTE    OF   ELECTRICAL   ENGINEERS 8 

AMERICAN    SCHOOL    OF   CORRESPONDENCE 5 

ARNOLD,    BION   J 7 

BENEDICT,    v.    L 3 

BERLINER   ELECKTRICITATS    WERKE 

BLAKISTON'S    son  &  COMPANY 

CALDWELL,    EDWARD 

CANADA.     COMMISSION    OF    CONSERVATION 

CENTRAL    STATION 

DAVID    WILLIAMS   COMPANY 

DIXON   CRUCIBLE   COMPANY 7 

IOWA    ELECTRICAL    ASSOCIATION 

IOWA    ENGINEERING    SOCIETY 

ITALY.    MINISTERIO   DI    AGRICOLTURA 

KENNELL Y,    A.    E 2 

MACMILLAN   COMPANY 2 

MAILLOUX,    C.    0 63 

MARYLAND.      PUBLIC    SERVICE   COMMISSION 2 

MASSACHUSETTS    GAS    &    ELECTRIC    LIGHT   COMPANY 1 

MCGRAW    PUBLISHING   COMPANY • 1 

NATIONAL    ELECTRIC     LIGHT     ASSOCIATION 1 

NATIONAL   FIRE    PROTECTION    ASSOCIATION 1 

NATIONAL   FIRE    PROTECTION    ASSOCIATION 1 

NEW   ENGLAND    WATER    WORKS    ASSOCIATION 1 

NEW    YORK    STATE.      DEPARTMENT   OF   LABOR 4 

NEW    YORK   STATE   LIBRARY 1 

ONTARIO.      HYDROELECTRIC    POWER   COMPANY 1 

RUGBY   ENGINEERING    SOCIETY 2 

SPON    &   CHAMBERLAIN 2 

STONE   &    WEBSTER 1 

U.    S.    DEPARTMENT    OF    AGRICULTURE 1 

U.    S.    NATIONAL    WATERWAYS   COMMISSION 1 

UNIVERSITY    OF   LONDON    PRESS 1 

UNIVERSITY   OF   MISSOURI 1 
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VAN    NOSTRAND,    D.    COMPANY 9 

VILLARS,    G 3 

WEAVER,     W.    D 3 

DONOR   UNKNOWN 1 

OLD   MATERIAL 30 

191 

Exchanges 108 

Purchases  and  old  material  accessioned 191 

299 


Total  accessions 490 

The  following  tabulation  gives  the  state  of  the  accounts  from  which 
the  Library  Committee  is  entitled  to  draw. 

Donations  (General  Library  Fund) 

Dr.  Cr. 

Balance  May  1.  1911 1264. .''.2 

Interest  May  1,  1912 JB.63       Unexpended ..1271.15 


1271.15  1271.15 


MaILLOUX    ENDOW.MENT    FUND    (|1000) 

(Proceeds  for  the  maintenance  of  certain  set-?  of  perioiical  publications) 

Balance  May  1,  1911 141.35       Expended 17.80 

Interest 45.00       Unexpended 78.55 


180.35  186.35 


iNrKRN.MIONAL    Kl-KCIRICAI.    (>)NGRKSS    OF    Sf.    LOUIS,    1904,    Fl'NU 

(Proceeds  available  for  the  purchase  of  non- American  inlcrnatif)n.il  electrical  literature) 

Invested  in  New  York  City  4 J%   b<mds $2268.00 

Addiiions  to  the  fund 63.60 


Total  fund $2331.60 

Balance  on  hand  May  1.  1911 $219.12 

Interest  to  May  1.  1912 90.00       Unexpended $309.12 


$30D.12  $309.12 


Weaver  Donation 

(Available  for  the  purchase  of  early  electrical  literalurc) 

Balance  on  hand  May  1,  1011 $1)5.  II        Expended $58.75 

Unexpended 6.69 

$05.44  $05.44 
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Institute  Appropeiation  Account 


Appropriation  for  the  year S4500.00 


Salary  (one^third)  of  librarian, 
assistants,    cataloguer   and 
desk  attendant  May  1,  1911- 

April30.    1912 S2700.00 

One-third   running  expenses  of 
library  May  1.  1911  to  April 

30,  1912 257.98 

Books 555.16 

Subscriptions 62.80 

Insurance 88 .  21 

Binding 181.42 

Miscellaneous 2.25 


Unexpended  balance. 


13847.82 
652.18 

S45O0.0O 
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Source 


Report  of  May  1.  1912.. 

Purchase 

Gifts  and  exchanges' 

Old  material  acce.ssioned . 


Volumes 

Pamphlets 

Valuation 

15.293 

181 

267 

10 

1343 

10 

2 

20 

|28.a35.28 

604.37 

569.50 

25.00 

15.751 

1375 

129.234.15 

In  the  following  table  are  given  the  figures  for  the  total  valuation  of 
the   Library   property: 

Books 129.234 .  15 

Stacks 1.761 .05 

Furniture,    catalogues,  cases,  etc 376.00 

131.371.20 
LIBRARY  ATTENDANCE 


May.  1011 

June.  "     '.  . 

July.  -     

August,  "     

September.       *     

October,  "     

November,       *     

December.       "     

January,        1912 

February,        "     

March,  ■     

April.  •     

Total  May.  1911- April.  1912 

Total  May,  1910  April.  1911.. 


Day 

Night 

Total 

833 

375 

1208 

637 

310 

017 

610 

Closed 

010 

550 

• 

550 

608 

m 

608 

661 

252 

913 

720 

283 

1003 

853 

287 

1140 

728 

298 

1026 

813 

273 

1086 

869 

326 

1195 

719 

343 

1062 

8601 

2747 

11.348 

7473 

3041 

10.514 
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The  income  from  the  C.  O.  Mailloux  Fund  of  $1000  has  again  been 
used  to  maintain  the  four  important  periodical  sets  which  were  originally 
presented  to  the  library  by  Mr.  Mailloux. 

Respectfully  submitted, 

Frederick  Bedell 
Morgan  Brooks 
Albert  F.  Ganz 
Otis  Allen  Kenyon 
Samuel  Sheldon,  chairman. 
Library  Committee, 

Public  Policy  Committee. — One  of  the  first  acts  of  the  Board  was  to  create 
a  Public  Policy  Committee  to  which  could  be  referred  the  increasing  number 
of  important  issues  affecting  the  Institute's  public  relations. 

On  November  10,  1911,  the  Board  referred  to  this  committee  an  in- 
vitation to  the  Institute  from  the  National  Waterways  Commission  of 
the  U.  S.  Congress,  to  take  part  in  a  hearing  at  Washington,  D.  C.  on 
November  21,  1911. 

A  sub-committee  of  the  Public  Policy  Coiiimittee  consisting  of  President 
Gano  Dunn  and  Mr.  H.  W.  Buck  prepared  a  preliminary  report  of  its 
views  on  the  development  of  water  powers,  which  draft  was  modified 
by  the  Public  Policy  Committee  and  its  Advisory  Members  to  conform 
to  and  represent  their  joint  opinion.  President  Dunn  and  Messrs.  H. 
G.  Stott,  chairman,  Calvert  Townlcy,  Lewis  B.  Still  well,  and  John  H. 
Finney,  members  of  the  committee,  represented  the  Institute  at  the  hear- 
ing in  Washington.  The  brief  presented  by  the  Institute  delegation 
and  a  report  of  the  hearing  were  published  in  the  December,  1911,  Pro- 
ceedings. 

The  Institute  representatives  were  given  the  first  hearing  on  the  after- 
noon of  November  21  and  the  entire  morning  of  November  22,  and  through 
them  the  thanks  of  Chairman  Burton  and  other  members  of  the  Commis- 
sion were  transmitted  to  the  Institute  for  the  information  given  in  the 
printed  brief  and  for  its  representation  at  the  hearing. 

Patent  Committee. — The  Patent  Committee  was  appointed  but  re- 
cently and  is  not  yet  prepared  to  make  a  final  report.  Thus  far  the  work 
of  the  committee  has  been  accomplished  by  correspondence  between  the 
chairman  and  the  members  of  the  committee.  Four  members  of  the 
committee  acted  as  conferees  at  an  important  conference  on  patent  matters 
held  in  Washington  on  April  15  and  16  at  the  call  of  the  Patent  Law  As- 
sociation of  Washington. 

This  committee  was  established  by  the  Board  of  Directors  as  a  result  of 
the  initiative  of  the  St.  Louis  Section  in  urging  improvements  in  the  patent 
laws  of  the  United  States. 

Code  of  Principles  of  Professional  Conduct. — Originally  this  com- 
mittee was  known  as  the  Committee  on  a  Code  of  Ethics.  Its  ap- 
pointment was  the  result  of  a  discussion  at  the  Milwaukee  Convention, 
held  in  May  1906,  following  the  presidential  address  of  Dr.  Schuyler 
Skaats  Wheeler,  on  "  Engineering  Honor."  It  was  the  sense  of  the  con- 
vention at  that  time  that  the  ideas  expressed  in  Dr.  Wheeler's  address 
should  be  embodied  in  a  code  of  ethics  for  the  electrical  engineering 
profession.     A  code  was  prepared  and  discussed  at  the  Niagara  Falls 
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Convention  held  in  June  1907.  Later  in  the  same  year  the  code  was 
revised,  printed  and  submitted  to  the  membership  for  suggestions. 

No  further  action  was  taken  on  the  code  until  June  1911,  when  in 
accordance  with  a  resolution  of  the  Board  of  Directors,  President  Jackson 
appointed  a  committee  to  take  up  the  question.  The  committee  was 
reappointed  by  President  Dunn  the  following  August  on  his  accession 
to  office. 

This  committee's  work  was  presented  in  a  report  to  the  Board  of 
Directors  on  February  9,  1912,  when  a  code  of  principles  was  tentatively 
adopted.  After  a  month's  careful  analysis  and  consideration  of  numer- 
ous suggestions  from  the  advisory  members  of  the  committ.'e  and  others 
the  present  code  as  printed  in  the  April  Proceedings  was  adopted  at 
the  meeting  of  the  Board  of  Directors  on  March  8,  1912. 

The  name  of  the  committee  was  changed  on  February  9,  1912,  to  the 
Committee  on  Code  of  Principles  of  Professional  Conduct. 

The  committee  is  now  considering  suggestions  which  have  been  sub- 
mitted to  it  since  the  adoption  of  the  code. 

Relations  of  Consulting  Engineers. — The  Committee  on  Relations 
of  Consulting  Engineers  has  considered  at  its  several  meetings  the  matters 
referred  to  it,  also  the  proper  procedure  and  general  scope  of  its  work. 
The  committee  exp2cts  to  be  able  to  formulate  its  recommendations  after 
further  conferences  with  the  representatives  of  other  societies  and-  of  the 
various  interests  concerned. 

United  States  National  Committee  of  International  Electrochemical 
Commission. — The  president  and  secretary  of  the  Committee,  with 
President  Dunn  of  the  Institute,  attended  the  meeting  of  the  I.  E.  C. 
at  Turin  (September  7—13,  1911)  as  delegates  from  the  United  States. 
A  provisional  report  of  the  meeting  was  submitted  by  the  secretary  of 
the  committee  to  the  Institute's  Board  of  Directors,  in  October,  and  was 
published,  by  their  direction,  in  the  November  issue  of  the  Proceedings, 
Vol.  XXX,  No.  11,  pages  2437-2448. 

A  brief  official  resum^  of  the  Turin  meeting,  in  French  and  English, 
was  printed  and  issued  by  the  central  offic?  of  the  I.  E.  C,  in  London, 
in  November,  1911,  marked  Publication  12. 

At  that  meeting  the  U.  S.  National  Committee  communicated,  through 
President  Dunn,  to  the  I.  E.  C,  a  cordial  invitation  from  the  American 
Institute  of  Electrical  Engineers  to  hold  a  meeting  in  San  Francisco  in 
1915.    This  proposal  was  formally  adopted. 

Under  the  instructions  of  the  Board  of  Directors,  the  last  edition  of 
the  Standardization  Rules,  issued  by  the  Institute  this  year,  contains  a 
brief  resume  of  the  decisions  of  the  Turin  meeting,  and  also  a  slightly 
abridged  copy  of  the  Central  Office's  publication  No.  9,  on  "  Rating  of 
Electrical  Machinery,"  being  extracts  from  the  rules  of  various  countries. 

At  the  Turin  meeting  the  I.  E.  C.  appointed  three  international  special 
committees  on  the  subjects  of  "  Nomenclature,  "  "  Symbols,  "  and  "  Rat- 
ing of  Machinery,  "  respectively,  to  report  at  the  next  plenary  meeting 
in  Berlin  in  191  •^. 

The  United  States  Committee  endeavored  to  have  delegates  attend 
meetings  of  the  two  latter  special  committees.  After  some  delays,  Presi- 
dent C.  O.  Mailloux  laft  New  York  on  April  24,  to  attend,  as  U.  S.  dele- 
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gate,  the  meeting  of  the  "Committee  on  Rating  of  Machinery"  at  Paris, 
set  for  May  8. 

The  committee  has  secured  from  the  Treasury  Department  at  Washing- 
ton an  order  that  all  official  reports  of  the  I.  E.  C.  may  be  admitted  free 
of  duty  into  the  United  States,  as  scientific  publications,  under  paragraph 
617  of  the  Tariff  Act. 

The  committee  has  held  monthly  meetings  in  New  York  City.  It  has 
carried  on  a  considerable  amount  of  correspondence  with  the  Central 
Office  and  of  communication  with  the  Standards  Committee. 

International  Electrical  Congress,  San  Francisco,  1916. — The  project 
of  holding  an  International  Electrical  Congress  during  the  Panama  Exposi- 
tion at  San  Francisco  in  1915,  first  took  shape  in  the  Spring  of  1911  when 
a  group  of  Pacific  Coast  members  organized  and  sent  Mr.  H.  A.  Lardner 
as  a  delegate  to  bring  it  to  the  attention  of  the  Institute  officers  in  New 
York.  This  matter  was  first  brought  to  the  attention  of  the  Board  at 
the  June,  1911,  meeting,  at  which  a  committee  was  appointed  to  consider 
the  matter.  Upon  the  recommendation  of  this  committee  the  Board 
adopted  resolutions  in  August,  1911,  to  the  effect  that  the  Institute 
should  initiate  and  organize  such  a  congress  under  the  authority  of 
the  International  Electro  technical  Commission.  The  desired  authority 
was  granted  by  the  latter  body  at  its  meeting  in  Turin  in  September,  1911. 

The  following  officers  of  the  Committee  on  Organization  of  the  Congress 
have  been  appointed  by  the  President:  Dr.  Charles  P.  Steinmetz,  Presi- 
dent; Dr.  A.  E.  Kennelly,  Vice-President  in  Charge  of  Program;  Mr. 
C.  O.  Mailloux,  Vice-President  in  Charge  of  International  Relations; 
Mr.  W.  D.  Weaver,  Vice-President  in  Charge  of  Organization;  Mr. 
Henry  A.  Lardner,  Vice-President  in  Charge  of  Pacific  Coast  Relations; 
Dr.  E.  B.  Rosa,  Secretary;  Mr.  Preston  S.  Millar,  Treasurer  and  Busi- 
ness Manager. 

John  Fritz  Medal. — The  John  Fritz  Medal  for  1911  was  awarded  to 
Sir  William  Henry  White,  for  "  notable  achievements  in  naval  archi- 
tecture. "  The  presentation  was  made  at  a  dinner  of  the  Society  of 
Naval  Architects  and  Marine  Engineers  at  the  Waldorf-Astoria  Hotel, 
New  York,  on  Friday  evening,  November  17,  1911.  The  attendance 
included  representatives  of  the  principal  engineering  societies  of  the  United 
States. 

Edison  Medal. — The  Edison  Medal  Committee,  at  its  meeting  held 
on  November  20,  1911,  selected  from  the  names  of  the  candidates  sub- 
mitted for  consideration  in  accordance  with  its  by-laws,  the  name  of 
George  Westinghouse,  to  be  voted  upon  in  December  following. 

At  the  meeting  of  the  committee  on  December  15,  1911,  a  vote  taken 
in  accordance  with  its  by-laws  resulted  in  the  award  of  the  Edison  Medal 
to  Mr.  George  Westinghouse,  "  for  meritorious  achievement  in  connection 
with  the  development  of  the  alternating-current  system  for  light  and 
power.  "  The  presentation  of  the  medal  is  to  be  made  at  the  Annual 
Convention  to  be  held  in  Boston  in  June. 

Indexing  Transactions  Committee. — The  Indexing  Transactions  Com- 
mittee has  had  prepared  during  the  year  synopses  of  all  papers  presented 
before  the  Institute  up  to  and  including  the  year  1910,  and  index  cards 
have  been  prepared  covering,  in  detail,  the  contents  of  these  papers. 
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The  papers  and  cards  have  been  largely  classified  and  samples  of  typo- 
graphical arrangement  have  been  obtained.  The  entire  index  will  be 
ready  for  the  printer  this  coming  summer  and  should  appear  in  the  fall. 
There  will  be  two  parts  to  the  index;  one  part  covering  papers  up  to 
and  including  1900,  and  the  second  part,  papers  from  1901  to  1910  inclu- 
sive.   The  index  for  the  year  191 1  will  appear  in  the  volume  for  that  year. 

Additional  Grade  of  Membership. — The  Additional  Grade  of  Member- 
ship Committee  (originally  appointed  under  the  name  of  the  Inter- 
mediate Grade  of  Membership  Committee)  has  considered  during  the 
present  administration  the  data  collected  by  the  committees  of  previous 
years,  and,  after  further  investigation  and  discussion,  prepared  a  draft 
of  amendments  to  the  constitution  for  consideration  by  the  Board  of 
Directors  at  its  December  meeting.  This  report  was  then  revised  in  the 
light  of  criticisms  and  suggestions  obtained  from  members  of  the  Board 
and  others,  and  resubmitted  at  the  January  meeting  of  the  Board.  At 
this  meeting,  the  last  draft  with  slight  modification  was  unanimously 
adopted  by  the  Board  and  recommended  for  submission  to  the  membership 
as  a  constitutional  amendment. 

The  final  form  of  the  report  was  of  the  nature  of  a  compromise  between 
the  rather  widely  varying  views  of  the  committee  arrived  at  by  vote  at 
numerous  meetings  held.  The  substance  of  the  amendments  has  been  so 
fully  set  forth  in  various  explanatory  statements  published  in  the 
Proceedings  that  no  further  explanation  is  here  required.  The  duties 
of  the  committee,  with  the  exception  of  assisting  in  expounding  the  amend- 
ments for  the  benefit  of  the  membership,  were  practically  completed  with 
the  acceptance  of  the  amendments  at  the  Board's  January  meeting. 

Board  of  Examiners. — The  Board  of  Examiners  has  held  10  meetings 
during  the  year.  It  has  considered  and  recommended  for  action  by  the 
Board  of  Directors  a  total  of  1616  applications  of  all  classes.  A  summary 
of  these  applications  is  as  follows: 

Recommended  for  election  as  Associates 808 

Not  recommended  for  election  as  Associates 2 

Recommended  for  transfer  to  the  grade  of  Member. ...  60 

Not  recommended  for  transfer  to  the  grade  of  Member.  25 
Transfer  applications  considered  but  held  for  additional 

information • 7 

Recommended  for  enrolment  as  students 714 

Total 1616 

In  addition  to  applications  for  admission  and  transfer,  the  Board  has 
considered  and  reported  upon  a  number  of  questions  that  have  been 
submitted  to  it  by  the  Board  of  Directors  during  the  year. 

Membership. — A  circular  letter  was  mailed  to  each  member  of  the 
Institute  on  November  28,  1911,  asking  for  names  of  desirable  candidates 
for  admission  to  membership.  The  co-operation  of  Section  officers  was 
also  enlisted.  As  a  result,  over  1,200  names  were  received  at  Institute 
headquarters.  Each  of  these  candidates  was  communicated  with 
promptly  and  supplied  with  literature  relating  to  the  Institute  and  the 
advantages  of  membership. 

The  total  number  of  applications  received  during  the  year  is  1,025, 
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A  complete  report  showing  the  total  membership,   the  additions  and 
deductions,  and  the  net  increase  for  the  year  is  given  below. 

Hon. 

Mem.  Mem.  Assoc.  Total 


Membership.  April  30.  1911.  1  680  6.427  7.117 

Additions:  , 

Honorary  Members  4 

New  Associates 855 

Transferred 1  49 

RdnsUted 1  27 

Deductions:  ^ 

Died 13  29 

Resigned 6  150 

Dropped 5  351 

Transferred 1  49 

Membership.  April  30.  1912 5  724  6.730        '        7.459 

Net  increase  during  the  year  in  membership 342 

Deaths. — The  following  deaths  have  occurred  during  the  year: 

Honorary  Member. — Antonio  Pacinotti. 

Members. — Caryl  D.  Haskins,  E.  W.  Mix,  W.  D.  Sargent. 

Associates. — E.  H.  Anderson,  Edwin  H.  Bennett,  E.  H.  Berry,  D.  E. 
Black,  E.  B.  Boor,  W.  R.  Brixey,  Lon  D.  Caldwell,  F.  T.  Clarke,  C.  C. 
Cokefair,  E.  Copley,  F.  S.  Davenport,  I.  T.  Dyer,  H.  W.  Fellows,  J.  B. 
Fleming,  L.  A.  Freudenberg,  W.  C.  Getz,  H.  L.  Hart,  Junzo  Itoh,  W.  S. 
Johnson,  E.  M.  Kenly,  M.  Mclntyre,  O.  C.  Poste,  Roger  P.  Stebbins, 
H.  H.  Sykes,  R.  H.  Thomas,  E.  G.  Tracy,  R.  A.  Turner,  G.  A.  Wilson, 
Chas.  I.  Young. 

Total  deaths,  33. 

Resignations. — Resigned  during  the  year  in  good  standing:  Mem- 
bers, 6;  Associates,  150;  total  156. 

Delinquents. — Dropped  as  delinquent  during  the  year,  356. 

Finance  Committee. — The  following  correspondence  and  financial 
statements  form  a  complete  summary  of  the  work  of  the  Finance  Commit- 
tee for  the  year. 

Board  of  Directors.  ^'=*  York,  May  14.  1912. 

American  Institute  of  Electrical  Engineers. 

Gentlemen:  Your  Finance  Committee  respectfully  submits  the  fol- 
lowing report  for  the  year  ending  April  30,  1912. 

During  the  past  year  the  committee  has  held  monthly  meetings, 
has  passed  upon  the  expenditures  of  the  Institute  for  various  purposes, 
and  otherwise  performed  the  duties  prescribed  for  it  in  the  Constitution 
and  By-laws.  Peirce,  Struss  and  Company,  chartered  accountants, 
have  audited  the  Institute  books  and  their  certification  of  the  Institute 
finances  follows. 

In  company  with  your  Secretary  and  a  member  of  the  firm  of  chartered 
accountants,  the  committee  has  examined  the  securities  held  by  the 
Institute  and  find  them  to  be  as  stated  in  the  accountants'  report. 

In  accordance  with  the  authority  of  the  Board  an  investment  from  the 
surplus  funds  of  the  Institute  was  made  during  the  past  year  amounting 
to  $15,000.00  par  value  Wilmington  City  4}  per  cent  registered  bonds. 
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The  expenditures  of  the  Institute  during  the  past  year  have  been  con- 
siderably increased  due  to  the  constantly  broadening  scope  and  activity 
of  the  organization,  and  particularly  due  to  the  increased  amount  of 
technical  material  published  in  the  Proceedings  and  Transactions 
resulting  from  the  extension  of  the  policy  inaugurated  a  few  years  ago 
of  holding  Institute  meetings  in  various  parts  of  the  country.  Not- 
withstanding the  increased  budget  of  expenditures  made  necessary 
by  reason  of  these  extended  activities,  it  is  gratifying  to  note  that  the 
accompanying  increase  in  income  has  resulted  in  a  comfortable  surplus 
for  the  fiscal  year.  Respectfully  submitted. 

A.  W.  Berresford 

Chairman t  Finance  Committee. 

Mr.  a.  W.  Berresford,  New  York,  May  10,  1912. 

Chairman  Finance  Committee. 
Dear  Sir:     In  accordance  with  your  instructions,  we  have  audited  the 
books  and  accounts  of  the  American  Institute  of  Electrical  Engineers 
for  the  year  ended  April  30th,  1912. 

The  results  of  this  examination  are  presented  in  four  exhibits,  attached 
hereto,  as  follows: 

Exhibit  "i4"  Balance  Sheet,  April  30th,  1912. 

Exhibit  "B"  Receipts  and   Disbursements  for  general   purposes  for 

year  ended  April  30th,  1912. 
Exhibit  "C**  Receipts  and   Donations  for  designated  purposes,   also 

expenditures  for  year  ended  April  30th,  1912. 
Exhibit  **D**  Condensed  Cash  Statement. 
We  beg  to  present,  attached  hereto,  our  certificate  to  the  aforesaid 

^^^^''^  Yours  very  truly, 

(Signed)  Peirce,  Struss  &  Co. 
Certified  Public  Accountants. 

Mr.  a.  W.  Berresford,  New  York,  May  10,  1912. 

Chairman  Finance  Committee. 
Dear  Sir:  Having  audited  the  books  and  accounts  of  the  American 
Institute  of  Electrical  Engineers  for  the  year  ended  April  30,  1912,  we 
hereby  certify  that  the  accompanying  Balance  Sheet  is  a  true  exhibit 
of  its  financial  condition  as  of  April  30th,  1912,  and  that  the  accompanying 
statements  of  Cash  Receipts  and  Disbursements  are  correct. 

(Signed)  Peirce,  Struss  &  Co. 
Certified  Public  Accountants. 
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AMERICAN    INSTITUTE   OF 

Balancb  Shbbt, 
Exhibit  A 

Assets 
Cash: 

Land,  Building  and  Endowment  Fund 15.307.53 

General  Library  Fund 271 .  15 

Life  Membership  Fund 4.827.28 

10.405.96 

General  Cash  in  Bank 9.277 .02 

Mailloux  Fund.  Interest 78 .  55 

Weaver  Donation 6 .  69 

International  Electrical  Congress  of  St.  Louis  Library  Fund, 

interest 372 .  72 

Total  Cash  deposit 9.734 .98 

Secretary's  Petty  Cash  on  hand 750.00 

10,484 .  98 

Land,  Building  and  Endowment  Fund,  accrued  interest 55.28 

General  Library  Fund,  accrued  interest 2. 82 

Mailloux  Pupd,  accrued  interest 22 .  50 

International  Electrical  Congress  of  St.  Louis  Library  Fund, 

accrued  interest 45 .  00 

Life  Membership  Fund,  accrued  ii\terest 40.00 

166.60 

Mailloux  Fund,  principal  (Bond) 1.000.00 

International  Electrical  Congress  of  St.  Louis  Library  Fund, 

N.  Y.  City  4J%  Bonds,  due  1917 2,268.00 

New  York  City  4i%  Gold  Bonds,  due  1957.  par 30.000.00 

Premium  on  N.  Y.  4J%  Gold  Bonds 1.952.50 

Chicago,   Burlington   &   Quincy   4%    Bonds,   due    1958    (par 

value  115.000) 14.606  26 

City  of  Wilmington.  Del.  4|%  Bonds,  due  1934 15.000.00 

Premium  on  City  of  Wilmington.  Del.  Bonds 997.60 

Westinghouse  Elec.  &  Mfg.  Co's  stock 50.00         62.606.26 

Equity  in  Engineering  Societies  Building  (25  to  33  West  39th 

Street) 353.346.61 

One-third  cost  of  land  (25  to  33  West  39th  Street) 180.000.00 

633.346.61 

Library  Volunjcs  and  Fixtures 30,906.78 

Transactions ^ 9,008.60 

Office  Furniture  and  Fixtures '. 7,915.64 

Works  of  Art.  Paintings,  etc 2.666.35 

dadges 463 .  35 

60.949.62 

Accounts  Rbceivablb: 

Members  for  current  dues 240.00 

Members  for  past  dues,  suspense  account 8,132.00 

Members  for  entrance  fees 115. (X) 

Special 76.32 

Miscellaneous 265 .  65 

Advertising 2.016.25 

Accrued  interest  on  bonds 831 .  25 

Accrued  interest  on  bank  balance 132. 19 

11,808.66 

Total 

1683,035.68 
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ELECTRICAL   ENGINEERS 
April  30,  1912 

llabilitibs  and  surplus 
Funds: 

Land.  Building  and  Endowment  Fund 15.362 .81 

General  Library  Fund 273.07 

Life  Membership  Fund 4.867.28 

MaiUoux  Fund 1.101 .  06 

International  Electrical  Congreaa  of  St.  Louis  Library  Fund: 

Bonds 2.268.00 

Cash  on  deposit 372.72 

Accrued  interest 45.00 

Reserve  for  Furniture  and  Fixtures 

Accounts  Payable,  subject  to  approval  by  the  Finance  Com- 
mittee  

United  Engineering  Society  (for  cost  of  land) 

Total  Liabilities , 

Surplus: 

In  Cash 9,277.02 

New  York  City  Bonds 31.062.50 

C.  B.  ft  0.  Bonds 14.606.25 

City  of  Wilmington.  Del.  Bonds 15.097.50 

In  property  and  accounts  receivable 532.080.51 


114.100.83 

2.046.80 

6.084.68 
54.000.00 

78.221.00 


604.813.78 


Total  Liabilities  and  surplus. 


$688,085.66 
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AMERICAN   INSTITUTE   OF   ELECTRICAL   ENGINEERS 
Rbcbipts  and   Disbursements  for  General   Purposes    for  Year 

Ended  April  30,  1912 
Exhibit  B 


Receipts 

Entrance  Pees 4.303 .00 

Current  Does 66.870.00 

Past  Dues 4.102.50 

Advance  Dues 450.00 

Students  Dues. 4.113.00 

Transfer  Pees 500.00 

Badces 1.740.00 

Sales.  Transactions 

etc 1.347.43 

Subscriptions,  Pro- 
ceeding   2.084.50 

Advertinng 0.513.41 

Binding 138.00 

Ezcbance 10.31 


Interest: 

Bonds 2.625.00 

Bank  Balance         507.48 


182.087.50 


13.102.65 


3.222.48 


Total. 


$98  41?  r>3 


Disbursements 
Stationery  and 

Printing 4.425.85 

Postage 2.840.85 

General  Expense. . .  2.582 .  27 

Meeting  Expense. .  5.034.21 

Section  Meetings. .  0.271.33 

Badges  purchased.  1 .643 .  72 

Salaries 11.821.00 

Indexing    Transac- 
tions   822.20 

Interest   on    Mort- 
gage   2.160.00 

ice        Furniture 

and  Fixtures 081 .04 

Adver.  Expense....  3.330.41 
Year     Book     and 

Catalogue 2.806 .  86 

Express 220.87 

Interest  refunded . .  71 .  25 


Offi< 


Proceedings: 

Printing 7.034.32 

Paper  and  Enve- 
lopes      6.002.84 

Engraving 1.663.34 

Binding  and 

Mailing 4.137.31 

Salaries 4.084.00 


Transactions: 

Vol.20 8.135.76 

Vol.30 4.413.03 


Library   (including  salaries) 
United  Engineering  Society 
Assessments  for  office  space 


148.110.86 


23.821.81 


12.548.70 
3.847.82 

4.500  00 


ToUl 102.838.28 

Excess  of  Receipts  over  Dis- 
bursements          5.574 .  35 


108.412.63 
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AMERICAN    INSTITUTE   OF   ELECTRICAL   ENGINEERS 

Receipts  and  Donations  for  Designated  Purposes,  also  Expendi- 
tures FOR  Year  Ended  April  30,  1912 
Exhibit  C 

Rbcbipts 

Land.  Btiilding  and  Endowment  Fund.  Donations,  Interest,  etc 316. 10 

General  Library  Fund,  Interest 0 .  63 

Compounded  Membership  Fxmd 504 .  29 

International  Electrical  Congress  of  St.  Louis.  Library  Fund.  Donations 

and  interest 103 .95 

Maillouz  Fund,  interest 45 .00 

Certificate  of  Deposit 1.000.00 

ToUl 1.976.08 

BXPBNDITURBS 

Mailloux  Fund 7 .  80 

Life  Membership  Fund 420.00 

City  of  Wilmington,  Del.  Bonds  and  interest 16.087.50 

Weaver  Donation 58.75 

Special  Library  Account 76.32 

ToUl 16.650.37 


AMERICAN    INSTITUTE   OP   ELECTRICAL   ENGINEERS 

Condensed  Cash  Statement 
Exhibit  D 

Cash  on  deposit  April  30.  1911 129.240.93 

Secretary's  Petty  Cash.  April  30.  1911 750.00 

— — — ^— —        S29  990  93 

Receipts  for  general  purposes.  Exhibit  "  B  " 98.412.63 

Receipts  for  designated  purposes.  Exhibit  "  C  " 1.976.03 

100.388.66 

130.379.59 

Disbursements  for  general  purposes.  Exhibit  "  B  " 92.838.28 

Expenditures  for  designated  purposes.  Exhibit  "  C  " 16,650.37 

109,488.65 

Balance  on  hand  April  30,  1912 20.890.94 

On  deposit  for  designated  purposes.  Exhibit  "  A  " 10,405.96 

*  On  deposit  in  General  cash.  Exhibit  "A  ' 9.734.98 

Secretary's  Petty  Cash,  Exhibit  "  A  " 750.00 

20,890.94 

Property   acquired   during   the   year.    Office   Furniture   and 

Fixtures 981.04 

*  This  includes  the  following  unexpended  balances: 

Mailloux  Fund 78.55 

Weaver  Donation 6 .  69 

Int.  Blec.  Congress  of  St.  Louis  Library  Fund 372.72 

457.96 


rbcbipts  and  disbursbmbnts  per  ybar  pbr  member 

During  each  fiscal  year  for  the  past  seven  years. 

Year 1906      190T       19M       1909       1910       1911       1911 

Membership,  April  30.  each  year. .     3870      4521       5674       6400      6681       7117       7459 


ReceipU  per  Member 112.77  112.21  113.01  113.21  113.35     13.87  113.19 

Disbursements  per  Member 10.48     11.62     11.73     10.49     12.03     11.03     12.44 

Credit  Balance  per  Member 12.29       |.59     11.28     12.72     11.32     12.34       |.75 

Respectftilly  submitted  for  the  Board  of  Directors, 

P.   L.    HUTCHINSON,  Secretary 
New  York,  May  21,  1912. 
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1.  EDUCATION 

INDUSTRIAL  EDUCATION 
Preliminary  Report  by  the  Bdocational  Committee 

Vol.  zxzi— 191S,  pp.  1S09-1S47 

Part  I.  Introduction.  Comparison  of  American  and  European  laborers. 
Outline  of  purpose  of  the  investigation,  suggesting  a  classification  ot 
industrial  schools  and  mentioning  conditions  desirable  in  the  organ- 
ization  of  such   schools. 

Part  II.  Provision  by  law  for  vocational  training  in  the  United  States, 
being  a  survey  of  the  educational  enactments  of  the  various  states,  that 
of  Massachusetts  being  given  in  detail. 

Part  III.  Description  of  typical  vocational  and  industrial  schools, 
conducted  by  the  Government,  private  individuals,  electric  corporations 
and  railroads,  giving  many  statistics  in  tabular  form  covering  the  char- 
acter of  the  students  and  the  courses. 

Discussion,  pages  1348-1366,  by  Messrs.  Henry  G.  Stott,  J.  P.  Jackson, 
»A.  L.  Williston,  Albert  L.  Rohrer,  W.  S.  Franklin,  Henry  H.  Norris, 
J.  W.  L.  Hale,  W.  I.  Slichter,  William  McClellan,  Professor  Diemer, 
Comfort  A.  Adams,  F.  C.  Caldwell,  M.  J.  McGowan,  Jr.,  W.  G.  Ray- 
mond and  Harry  Barker.  Need  of  industrial  education  from  economical 
and  humanistic  standpoints.  Data  on  the  Bridgeport  Industrial  School. 
Functions  of  corporation  schools.  Use  of  existing  industrial  equipment 
for  educational  purposes.  Plan  of  Fitchburg  co-operative  school  system. 
Definition  of  professional  work.  Application  of  natural  selection  vs. 
artificial  selection  in  education.  Defects  in  modern  educational  sys- 
tems.    Basis  of  organization   of   Land   Grant   Colleges. 

2.  GENERAL  THEORY 

ELECTROLYTIC  CORROSION  OF  IRON  BY  DIRECT  CURRENT  IN  STREET  SOIL 
Albert  P.  Ganz  Vol.  zzzi— 1912,  pp.  1167-1176 

Experimental  investigation  of  the  relative  corrosion  of  different  kinds 
of  iron  in  two  typical  street  soils.  Comparison  of  actual  electrolj'^tic 
corrosion  with  that  calculated  by  Faraday's  law. 

Discussion,  pages  1177-1178,  by  Messrs.  Carl  Hering,  Edward  B. 
Rosa,  Irving  Langmuir,  C.  H.  Sharp  and  Albert  F.  Ganz.  Corrosion 
of  iron  in  cinders.     Voltage  of  electrolytic  corrosion  of  iron. 

SIMPLIFICATION    OP   ELECTROTHERMAL   CALCULATIONS,   THE   WATT    AND 

THERMAL  OHM 
Carl  Hering  Vol.  zxzi— 1912,  pp.  1191-lSOl 

Advantages  of  absolute  systems  of  units.  Energy  factors  in  heat 
transmission  and  selection  of  units  for  measuring  such  factors.  Factors 
for  converting  the  new  units  into  those  already  in  use. 
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Discussion,  pages  1202-1205,  by  Messrs.  H.  B.  Gale,  Carl  Hering, 
Alfred  H.  Cowles.     Definitions  of  factors  of  heat  energy. 

VACUA 
W.  R.  Whitney  Vol.  xxxi— 191S,  pp.  1S0T-1S1« 

Improvement  of  vacuum  by  condensing  vapors.  Blackening  of  in- 
side of  vacuum  tubes  and  lamp  bulbs.  Edison  effect.  Crookes  radio- 
meter for  measuring  pressure  in  a  vacuum.  Effect  of  temperature  on 
life    of    vacuum    lamps. 

Discussion,  page  1217,  By  Messrs.  W.  R.  Whitney  and  Alfred  H. 
Cowles.     Gases   held    within    glass    containers. 

THB  CONVECTION  AND  CONDUCTION  OP  HBAT  IN  GASES 
Irrinc  Umcmuir  Vol.  xxxi— 1911,  pp.  ltS»-lS40 

Method  of  calculating  heat  dissipation  from  straight  wires,  freely 
suspended  in  gas,  based  on  author's  theory  of  equivalent  conduction 
through  film  of  gas.     Application  of  method  to  Kennelly*s  experiments. 

Discussion,  including  that  of  paper  by  W.  D.  Coolidge  on  "Metallic 
Tungsten  and  Some  of  Its  Applications,"  pages  1241-1242,  by  Messrs 
C.  M.  Green,  William  J.  Hammer,  Carl  Hering,  W.  D.  Coolidge,  H.  M. 
Hobart  and  Irving  Langmuir.  Plating  tungsten.  Relation  of  external 
temperature  to  temperature  rise  of  electrical  machinery. 

THE  VIBRATIONS  OP  TELEPHONE  DIAPHRAGMS 
Charlet  P.  Meyer  and  J.  B.  Whitehead  VoL  izxi— 191S,  pp.  1S9T-1418 

Experimental  study  of  vibrations  of  telephone  receivers  and  trans- 
mitters at  different  frequencies  and  currents.  Relation  between  fre- 
quency, current  and  amplitude  of  vibration,  shown  graphically.  Re- 
sonance curves,  curves  for  receiver  and  transmitter. 

Discussion,  pages  1419-1428,  by  Messrs.  George  D.  Shepardson, 
George  W.  Pierce,  Alan  E.  Flowers,  A.  E.  Kcnnelly,  John  B.  Taylor, 
John  B.  Whitehead,  Frank  Wenner  and  Charles  F.  Meyer.  Effect  of 
temperature  on  vibration  of  telephone  diaphragms.  Variation  of  in- 
ductance' and  resistance  of  telephone  transmitters  and  receivers  when 
vibrating. 


3.  MEASUREMENT  AND  INSTRUMENTS 

MEASURSMBNTS   OP   VOLTAGE   AND   CURRENT   OVER  A   LONG   ARTIFICIAL 

POWER-TRANSMISSION  LINE  AT  >•  AND  60  CYCLES  PER  SECOND 
A.  E.  Kenneily  and  F.  W.  Lieberknecht  Vol.  xxn—\%\%,  pp.  IISI-IIM 

Design  and  construction  of  an  artificial  transmission  line.  Methods 
of  measuring  e.m.f.  and  current  distribution  in  artificial  equivalent  of 
very  long  transmission  line.  Results  of  test,  giving  space  distribution 
of  current  and  e.m.f.  both  as  to  magnitude  and  phase.  Results  in 
tabular  and  curve  form.  Appendix — Method  of  measuring  line  im- 
pedance. 

,^  Discussion,  pages  1164-1165,  by  Messrs.  Charles  P.  Steinmetz,  Johi\ 
Price  Jackson,  Charles  F.  Scott,  John  B.  Taylor  and  A.  E.  Kennelly. 
Praise  of  experimental  investigation. 
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SIMPLIFICATION   OF   BLBCTROTHBRMAL   CALCULATIONS,    THB    WATT   AND 

THERMAL  OHM 
Carl  Hering  Vol.  xzzi— 1912.  pp.  1191-1201 

Advantages  of  absolute  systems  of  units.  Encigy  factors  in  heat 
transmission  and  selection  of  units  for  measuring  such  factors.  Factors 
for  converting  the  new  units  into  those  already  in  use. 

Discussion,  pages  1202-1205,  by  Messrs.  H.  B.  Gale,  Carl  Hering, 
Alfred  H.  Covvles.     Definitions  of  factors  of  heat  energy. 

CHARACTERISTICS    AND    APPLICATIONS    OF    VIBRATION    GALVANOMETERS 
Frank  Wenner  Vol.  zxzi— 1919,  pp.  194S-19M 

Mathematical  analysis  of  the  performance  and  design  characteristics 
of  the  vibration  galvanometer.  Equations  expressing  the  interrelations 
of  the  various  design  constants. 

Discussion,  pages  1255-1256,  by  Messrs.  Jefferson  E.  Kershner,  Frank 
Wenner,  W.  H.  Pratt,  R.  A.  Gray,  Albert  F.  Ganz,  George  F.  Sever, 
N.  Monroe  Hopkins,  John  D.  Ball  and  M.  G.  Lloyd. 

MEASURING  STRAY  CURRENTS  IN  UNDERGROUND  PIPES 
Carl  Hering  Vol.  zzzi— 1919,  pp.  1449-149S 

Description  and  theory  of  several  methods  of  measuring  the  current 
into  or  out  of  an  underground  pipe. 

Discussion,  pages  1464-1482,  by  Messrs.  Albert  F.  Ganz,  Edwin  F. 
Northrup,  George  F.  Sever,  Edward  B.  Rosa,  Alexander  Maxwell, 
Frank  Wenner,  Clayton  H.  Sharp  and  Carl  Hering.  Description  of 
numerous  methods  of  measuring  current  and  resistance  of  underground 
pipes  or  similar  circuits.     Habcr's  earth   ammeter. 

A  TUBULAR  ELECTRODTNAMOMETER  FOR  HEAVY  CURRENTS 
P.  G.  Asnew  Vol.  zzzi— 1919,  pp.  1489-1488 

Theory,  construction  and  performance  of  the  instrument. 

Discussion,  incorporated  with  the  paper  by  Edwin  F.  Northrup  on 
'*To  Measure  an  Alternating- Current  Resistance  and  Compare  it  with 
the   Direct- Current  Resistance — Electro-dynamometer   Method." 

MEASUREMENT  OF  ALTERNATING  CURRENT  OF  LOW  VALUE 
M.  G.  Newman  Vol.  zxzi— 1919.  pp.  1489-1499 

Use  of  separately  excited  electrodynamometer  as  ammeter.  Experi- 
mental studies  of  errors  involved  when  using  this  instrument  for  measur- 
ing exciting  current  of  telephone  transformer,  exciting  current  in  silicon 
steel  iron-loss  test  specimen  and  condenser  charging  current. 

Discussion,  incorporated  with  that  of  paper  by  Edwin  F.  Northrup 
on  "To  Measure  an  Alternating-Current  Resistance  and  Compare  it 
with  the  Direct-Current  Resistance — Electro-dynamometer  Method." 

TO   MEASURE  AN  ALTERNATING-CURRENT  RESISTANCE  AND  COMPARE  IT 
WITH  ^THE     DIRECT-CURRENT     RESISTANCE— ELECTRO-DTNAMOMETER 

METHOD 
Edwin  F.  Northrup  Vol.  xxid— 1919.  pp.  1801-1910 

Theory  and  method  of  execution  of  very  refined  method  of  a.c.  resis- 
tance   measurement. 

Discussion,  including  that  of  papers  by  P.  G.  Agnew  on  "A  Tubular 
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Electrodynamometer  for  Heavy  Currents"  and  M.  G.  Newman  on"  Meas- 
urement of  Alternating  Current  of  Low  Value,"  pages  1511-1515,  by 
Messrs.  W.  H.  Pratt,  J.  D.  Ball,  Frank  Wenner,  M.  G.  Lloyd.  Taylor 
Reed,  A.  L.  Ellis,  Edward  B.  Rosa,  L.  T.  Robinson  and  P.  G.  Agnew. 
Relative  advantages  of  various  instruments  for  measurement  of  very 
large  and  very  small  currents.  Some  characteristics  of  the  water-cooled 
dynamometer,  the  portable  dynamometer,  wattmeter,  the  thcrmo- 
ammeter  and  the  tubular  dynamometer. 

SLBCTRICAL  MSASURSMENTS  WITH  SPECIAL  RSFSRENCB  TO  LAMF  TESTING 
Etaa    J.    Edwardt  Vol.  xxxi— 1911,  pp.  1617-16U 

Accuracy  attained  in  commercial  lamp  testing.  Description  of  lab- 
oratory standard  a.c.  voltmeter. 

Discussion^  incorporated  with  that  of  paper  by  T.  H.  Amrine  on  "In- 
candescent Lamps  as  Resistances." 

INCAIfDBSCBNT  LAMPS  AS  RESISTANCES 
T.  H.  Amrine  Vol.  xxxi— 191S,  pp.  lUS-lMl 

Resistance  and  resistance- temperature  characteristics  of  various  com- 
mercial, carbon,  tantalum  and  tungsten  filaments.  Use  of  four-lamp 
bridge. 

Discussion^  including  that  of  paper  by  Evan  J.  Ed  .vards  on  "Elec- 
trical Measurements  with  Special  Reference  to  Lamp  Testing,"  pages 
1532-1535,  by  Messrs.  Clayton  H.  Sharp,  A.  E.  Kennelly,  M.  G.  Lloyd, 
Paul  MacGahan,  T.  H.  Amrine,  and  Evan  J.  Edwards.  Use  of  Howell 
indicator  in  lamp  testing.  The  tungsten  lamp  as  a  resistor  for  a  con- 
tact making  voltmeter. 

ELECTRICAL  TRANSMISSION  OF  ELECTRICAL  MEASUREMENTS 
O.  J.  Bliss  Vol.  zzzi— 19ia.  pp.  16S7-1940 

Arrangement  of  standard  meters  for  transmission  of  wattmeter  read- 
ings to  a  distance. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Ingalls  on  "Wheat- 
stone  Bridge-Rotating  Standard  Method  of  Testing  Large  Capacity 
Watt- Hour    Meters." 

METERING  LARGE  DIRECT-CURRENT  INSTALLATIONS 
P.  V.  Magalhaes  Vol.  xxzi— 1919,  pp.  1941-1944 

Brief  discussion  of  various  methods  of  watt-hour  meter  arrangements: 
one  large  meter,  several  smaller  meters  in  parallel,  meters  on  individual 
loads,  shunt  type  watt-hour  meter. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Ingalls  on  "Wheat- 
stone  Bridge- Rotating  Standard  Method  of  Testing  Large  Capacity 
Watt-Hour  Meters." 

MEASUREMENT  OF  ENERGY  WITH  INSTRUMENT  TRANSFORMERS 
Alexander  MozweU  Vol.  xxzi— 1919,  pp  1949-1990 

Effect  of  ratio  and  phase  angle  upon  the  accuracy  of  watt-hour  meters 
under  various  load  conditions. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Ingalls  on  "Wheat- 
stone  Bridge-Rotating  Standard  Method  of  Testing  Large  Capacity 
Watt-Hour  Meters.'* 
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WHSATSTOIIB  BRIDGE-ROTATING  STANDARD  METHOD  OP  TESTING  LARGE 

CAPACITY  WATT-HOUR  METERS 
C.  H.  IngalU  and  J.  W.  CowIm  Vol.  xxzi— 1912,  pp.  16fl-lN7 

Use  of  special  differential  galvanometer  on  the  usual  rotating  standard. 
Theory  and  method  of  use. 

Discussion  including  that  of  papers  by  O.  J.  Bliss  on  "Electrical  Trans- 
mission of  Electrical  Measurements;"  F.  B.  Magalhaes  on  "Metering 
Large  Direct-Current  Installations;"  Alexander  Maxwell  on  "Measure- 
ment of  Energy  with  Instrument  Transformers;"  pages  1558-1563,  by 
Messrs.  William  J.  Mowbray,  E.  P.  Fox,  J.  R.  Craighead,  P.  V.  Magal- 
haes, W.  H.  Pratt,  L.  T.  Robinson,  T.  W.  Varley,  C.  H.  Ingalls,  Albert 
Ganz,  Alexander  Maxwell,  Paul  MacGahan,  Elmer  L.  Kyle  and  John 
Gilmartin. 

General  remarks  on  commercial  electrical  measurements.  Use  of 
shunt  with  watt-hour  meters. 

INDUCTION  TYPE  INDICATING  INSTRUMENTS 
PauF  MacGalun  Vol.  izxi— 1911,  pp.  If6«-1677 

Discourse  on  the  advantages  inherent  to  the  induction  type  instrument. 
Torque  equation  and  performance  curves  for  ammeters  and  voltmeters. 

Discussion  incorporated  with  that  of  paper  by  W.  IL  Pratt  and  D.  R. 
Price  on  "Resonant  Circuit  Frequency  Indicator." 

COMPENSATING  WATTMETERS 
A.  L.  EUis  Vol.  jczzl— 191S,  pp.  1579-1590 

Outline  of  requirements  of  wattmeter  for  the  measurement  of  small 
values  of  alternating-current  power  at  low  power-factors.  Description 
of  improved  method  of  compensation  and  results  of  tests  comparing  new 
instrument  with  older  type  compensated  in  ordinary  way. 

Discussion  incorporated  with  that  of  paper  by  W.  H.  Pratt  and  D.  R. 
Price  on  "Resonant  Circuit  Frequency  Indicator." 

HOT-WIRE  INSTRUMENTS 
A.  W.  Pierce  and  M.  E.  Tressler  Vol.  zxxi— 1919.  pp.  1591-159S 

Field  of  application  for  hot-wire  instruments.     Accuracy  tests. 
Discussion  incorporated  with  that  of  paper  by  W.  H.  Pratt  and  D.  R. 
Pierce  on  "Resonant  Circuit  Frequency  Indicator." 

RESONANT  CIRCUIT  FREQUENCY  INDICATOR 
W.  H.  Pratt  and  D.  R.  Price  Vol.  zxxi— 1919,  pp.  1595-1598 

Theory  of  instrument.      Design  of  reactance  for  precision  work. 

Discussion,  including  that  of  papers  by  Paul  MacGahan  on  "Induction 
Type  Indicating  Instruments;"  A.  L.  Ellis  on  "Compensating  Watt- 
meters;" and  Messrs.  A.  VV.  Pierce  and  M.  E.  Tressler  on  "Hot- Wire 
Instruments,"  pages  1599-1608,  by  Messrs.  F.  P.  Cox,  W.  H.  Pratt, 
Albert  F.  Ganz,  A.  W.  Pierce,  F.  V.  Magalhaes,  William  J.  Mowbray, 
Paul  M.  Lincoln,  F.  H.  Bowman,  N.  Monroe  Hopkins,  Paul  MacGahan, 
W.  H.  Pratt,  A.  W.  Pierce,  and  John  Gilmartin. 

Advantages  and  disadvantages  of  induction  and  hot-wire  type  instru- 
ments. Advantages  of  light  moving  system.  Use  of  power-factor 
meter  for  frequency  indicator. 
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PBRMBABIUTT  MBASURBMBNTS  WITH  ALTBRNATINO  CURRBNT 
L.  T.  Robinson  and  J.  D.  B«n  YoL  xxxi— 1911,  pp.  160«-l«lf 

Study  of  general  relations  between  maximum  flux  density,  maximum 
exciting  current  and  magnetizing  current. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Sharp  and  F.  M. 
Farmer  on  "Measurements  of  Maximum  Values  in  High- Voltage  Testing." 

MBASURBBiBNTS   OP    MAXIMUM   VALUBS  Ilf   HIOH-VOLTAGB   TBSTING 
C.  H.  Sharp  and  F.  M.  Farmer  YoL  zx3ti— 1911,  pp.  1€17-1€11 

Use  of  electrostatic  voltmeter  with  synchronous  reversing  commutator 
across  one  section  of  a  series  of  condensers.  Introduction  of  the  term 
"peak-factor.** 

Discussion,  including  that  of  paper  by  L.  T.  Robinson  and  J.  D.  Ball 
on  "Permeability  Measurements  with  Alternating  Current,"  pages 
1623-1626,  by  Messrs.  E.  D.  Doyle,  M.  G.  Lloyd,  Clayton  H.  Sharp, 
T.  W.  Varley,  L.  T.  Robinson  and  Elihu  Thomson.  Leakage  loss  with 
electrostatic  voltmeter.  Limitations  in  the  use  of  alternating  current 
for   permeability    measurements.     Comments   on    "peak-factor." 

POTBimAL  TRANSPORMBR  TBSTINO 
J.  R.  Craifhead  Vol.  zzzi^llll,  pp.  1617-ieSS 

Analysis  of  errors  resulting  from  resistance  of  the  detector  circuit 
when  making  ratio  and  phase  angle  test  by  the  balance  method. 

Discussion  incorporated  with  that  of  paper  by  P.  G.  Agnew  and  F. 
B.  Silsbee  on  "The  Testing  of  Instrument  Transformers." 

THB  TBSTINO  OP    INSTRUMENT  TRANSFORMERS 
P.  G.  Agnew  and  F.  B.  Silsbee  Vol.  zzzi— 1911,  pp.  16S6-KM 

Bureau  of  Standards  modification  of  potentiometer  or  balance  method 
of  testing  shunt  and  series  instrument  transformers. 

Discussion  including  that  of  paper  by  J.  R.  Craighead  on  "Potential 
Transformer  Testing,"  pages  1639-1644.  Relative  merits  of  vibration 
galvanometer  and  reversing  key  as  detector  in  balance  method  of  test- 
ing instrument  transformers. 

DETERMINATION  OF  POWER  EFFICIENCY  OF  ROTATING  ELECTRIC  MACHINES 
B.  M.  Olin  Vol.  zzzi— 1911,  pp.  1696-1718 

Detailed  analysis  of  the  summation  of  losses  method  as  applied  to 
the  various  types  of  rotary  electric  machinery.  Methods  of  determin- 
ing the  various  losses  and  tabulated  results  of  numerous  tests  on  all  classes 
of  machines  discussed.  Correction  factors  for  load  losses  that  can  not 
be  separated,  are  tabulated  for  different  types  of  machines  operating  at  dif- 
ferent loads.  Disadvantages  of  input-output  method  and  actual  com- 
parison of  this  method  with  summation  of  losses  method. 

Discussion  pages  1719-1720,  bv  C.  M.  Green,  B.  G.  Lamme  and  E. 
M.  Olin. 

HIGH-FREQCJBNCY  TESTS  OF  LINE  INSULATORS 
L.  E.  Imlay  and  Percy  H.  Thomas  Vol.  xxxi— 1918,  pp.  S1S1-114S 

Account  of  method  of  testing  line  insulators  with  high-frequency, 
high  potential  e.m.f.  to  determine  their  behavior  under  lighting  stresses. 
Discussion  of  the  design  of  insulators  for  lighting  stresses.     Compar- 
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ative  test  on  electrose  and  porcelain.  Suggested  outline  for  future  in- 
vestigation along  the  same  line. 

Discussion^  incorporated  with  that  of  paper  by  P.  W.  Sothman  on 
"Comparative  Tests  of  High-Tension  Suspension  Insulators." 

COMPARATIVB  TBSTS  ON  HIGH-TBIfSION  SUSPBNSIOIf  INSULATORS 
P.  W.  Sothman  Vol.  xxxi— 191S,  pp.  114S-11M 

Account  of  experimental  study  of  various  types  of  line  insulators  to 
determine  the  specifications  to  be  adopted  by  the  Ontario  Power  Com- 
pany in  equipping  a  110,000- volt  line.  Description  of  tests  and  sum- 
mary of  results. 

Discussion  including  that  of  paper  by  L.  E.  Imlay  and  Percy  H.  Thomas 
on  "High- Frequency  Tests  of  Line  Insulators.'*  pages  2169-2226,  by 
Ralph  D.  Mershon,  Paul  M.  Lincoln,  F.  W.  Peek,  Jr.,  A.  O.  Austin,  F. 
M.  Farmer,  Ralph  W.  Pope,   E.  E.  F.  Creighton,  H.  Winfield  Secor, 

E.  S.  Lincoln,  Ford  W.  Harris,  Charles  Rufus  Harte,  Edward  Bennett, 

F.  F.  Brand,  Max  H.  Collbohm,  P.  VV.  Sothman.  L.  E.  Imlay,  P.  H. 
Thomas  and  R.  F.  Hay  ward.  Analysis  of  e.m.f.  distribution  and  string 
ratio  in  strings  of  suspension  insulators.  Effect  of  high-frequency  stresses 
on  insulators.  Nature  of  high-frequency  stresses.  Points  to  be  ob- 
served in  testing  insulators  and  outline  of  standard  specification  for 
tests.     Properties  of  glass  insulators  for  very  high-tension  work. 

4.  DIELECTRIC  PHENOMENA 

ELECTRICAL   CHARACTERISTICS    OP   THE   SUSPENSION   INSULATOR 
F.  \7.  Peek,  Jr.  VoL  zxzi— 1911,  pp.  907-MO 

Experimental  investigation  of  the  operative  characteristics  of  sus- 
pension insulators  connected  in  series.  Development  of  equations  for 
calculations  of  the  arc-over  e.m.f.  The  string  efficiency,  the  e.m.f. 
distribution  and  the  capacity  of  strings  of  suspension  insulators  of  var- 
ious types.     Comparison  of  theoretical  results  with  actual  tests. 

Discussion,  including  that  of  papers  by  Messrs.  E.  E.  F.  Creighton  and 
F.  R.  Shavor  on  "Compression  Chamber  Lightning  Arrester  and  the 
Protection  of  Distribution  Circuits;"  E.  E.  F.  Creighton,  H.  E.  Nichols 
and  P.  E.  Hosegood  on  "Human  Accuracy;  Multi-Recorder  for  Light- 
ning Phenomena  and  Switching;"  E.  E.  F.  Creighton,  F.  R.  Shavor  and 
R.  P.  Clark  on  "Studies  of  Protection  and  Protective  Apparatus  for  Elec- 
tric Railways"  and  J.  H.  Cunningham  and  C.  M.  Davis  on  "Propag- 
ation of  Impulses  over  Transmission  Line"  and  T.  A.  Worcester  on 
"Some  Mechanical  Considerations  of  Transmission  Systems,"  pages 
951-954,  by  Messrs.  E.  M.  Hewlett,  Paul  M.  Lincoln,  R.  J.  McClelland, 
C.  Edward  Magnusson,  Andrew  McNaughton,  Harris  J.  Ryan,  R.  P. 
Jackson,  Charles  P.  Steinmetz,  Charles  F.  Scott,  R.  Philip  Clark,  Cas- 
sius  M.  Davis,  T.  A.  Worcester,  and  F.  W.  Peek,  Jr.  Method  of  cal- 
culating the  e.m.f.  distribution  in  a  string  of  suspension  insulators. 
Comparison  of  test  data  Nvith  results  calculated  by  the  Peek  formulas. 
Effect  of  ground  wire  on  strength  of  transmission  structure.  Inherent 
self- protective  characteristics  of  a.c.  railway  circuits.  Care  of  aluminum 
d.c.  arrester. 
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CORONA  LOSSES  BETWEEN  WIRES  AT  HIGH  VOLTAGES 
C.  Francis  Harding  Vol.  zsd— 1911,  pp.  lOSi-lOfO 

Account  of  experimental  iilvestigation  on  a  transmission  line  at  Pur- 
due University.  Comparison  of  experimental  results  with  formulas 
of  various  investigators.     Results  plotted  as  curves. 

Discussion,  incorporated  with  that  of  paper  by  J.  B.  Whitehead  on 
"The  Electric  Strength  of  Air." 

THE  LAW  OF  CORONA  AND  THE  DIELECTRIC  STRENGTH  OF  AIR 
F.  W.  Peek,  Jr.  Vol.  zxzi— 191S,  pp.  lOfl-lMS 

Summary  of  equations  and  laws  of  corona  covering  previous  and 
present  investigations.  Tests  of  effect  of  temperature,  frequency,  spac- 
ing, wire  diameter,  water,  oil,  etc.  upon  corona  phenomena.  Also  tests 
and  calculations  of  disruptive  energy  of  air.  Relation  between  power 
loss  and  surface  gradient.  Stroboscopic  examination  of  corona.  Me- 
chanical vibiation  of  electrified  lines. 

Discussion  incorporated  with  that  of  paper  by  J.  B.  Whitehead  on 
"The  Electric  Strength  of  Air." 

THE  ELECTRIC  STRENGTH  OF  AIR 
J.  B.  Whitehead  Vol.  izxi— 1911.  pp.  109S-1118 

Experimental  study  of  physical  laws  underlying  the  phenomena 
attendant  upon  the  breakdown  of  air  under  electric  stresses,  being  an 
important  contribution  to  the  ionization  theory  of  corona.  Effect  of 
subdivision  of  conductors  upon  corona. 

Discussion,  including  that  of  papers  by  C.  Francis  Harding  on  "Corona 
Losses  Between  Wires  at  High  Voltages"  and  F.  W.  Peek,  Jr.  on  "The 
Law  of  Corona  and  the  Dielectric  Strength  of  Air,"  pages  1119-1130, 
by  Messrs.  John  B.  Taylor,  A.  E.  Kcnnelly,  C.  P.  Steinmetz,  C.  Francis 
Harding,  F.  W.  Peek,  Jr.,  J.  B.  Whitehead  and  A.  S.  Langsdorf.  Gen- 
eral remarks  on  corona.  Comparison  of  tests  on  actual  line  with  cal- 
culated results  for  corona  loss  and  critical  gradient.  Observed  vibration 
or  swinging  of  high-tension  lines. 

MEASUREMENTS  OF  MAXIMUM  VALUES  IN  HIGH-VOLTAGE  TESTING 
C.  H.  Sharp  and  F.  M.  Farmer  Vol.  zxxi— 1919.  pp.  1617-1911 

Use  of  electrostatic  voltmeter  with  synchronous  reversing  commutator 
across  one  section  of  a  scries  of  condensers.  Introduction  of  the  term 
"peak-factor." 

Discussion,  including  that  of  paper  by  L.  T.  Robinson  and  J.  D.  Ball 
on  "  Permeability  Measurements  with  Alternating  Current,"  pages  1625- 
162G,  by  Messrs.  E.  D.  Doyle,  M.  G.  Lloyd,  Clayton  H.  Sharp,  T.  W. 
Varley,  L.  T.  Robinson  and  Elihu  Thomson.  Leakage  loss  with  elec- 
trostatic voltmeter.  Limitations  in  the  use  of  alternating  current  for 
permeability  measurements.     Comments  on  "peak-factor." 

HIGH-FREQUENCY  TESTS  OF  LINE  INSULATORS 
L.  E.  Imlay  and  Percy  H.  Thomas  Vol.  zzxi— 1919,  pp.  9191-1141 

Account  of  method  of  testing  line  insulators  with  high-frequency, 
high  ptjtential  e.m.f.  to  determine  their  behavior  under  lightning  stresses. 
Discussion    of    the    design    of    insulators    for    lightning    stresses.     Com- 
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tSarative  test  on  electrose  and  porcelain.     Suggested  outline  for  future 
investigation  along  the  same  line. 

Discussion,  incorporated  with  that  of  paper  by  P.  W.  Sothman  on 
"Comparative  Tests  of  High-Tension  Suspension  Insulators." 

COMPARATIVE    TESTS    ON    HIGH-TENSION    SUSPENSION    INSULATORS 
P.  W.  Sothman  VoL  izxi— 1911,  pp.  ai4S-aiM 

Account  of  experimental  study  of  various  types  of  line  insulators  to 
determine  the  specifications  to  be  adopted  by  the  Ontario  Power  Com- 
pany in  equipping  a  110,000- volt  line.  Description  of  tests  and  sum- 
mary of  results. 

Discussion  including  that  of  paper  by  L.  E.  Imlay  and  Percy  H, 
Thomas  on  "High-Frequency  Tests  of  Line  Insulators."  pages  2169- 
2226  by  Ralph  D.  Mershon,  Paul  M.  Lincoln,  F.  W.  Peek,  Jr.,  A.  O. 
Austin,  F.  M.  Farmer,  Ralph  W.  Pope,  E.  E.  F.  Creighton,  H.  Winfield 
Secor,  E.  S.  Lincoln,  Ford  W.  Harris,  Charles  Rufus  Harte,  Edward 
Bennett,  F.  F.  Brand,  Max  H.  CoUbohm,  P.  VV.  Sothman,  L.  E.  Imlay, 
P.  H.  Thomas  and  R.  F.  Hay  ward.  Analysis  of  e.m.f.  distribution  and 
string  ratio  in  strings  of  suspension  insulators.  Effect  of  high-fre- 
quency stresses  on  insulators.  Nature  of  high-frequency  stresses. 
Points  to  be  observed  in  testing  insulators  and  outline  of  standard  spec- 
ification for  tests.  Properties  of  glass  insulators  for  very  high-tension 
work. 


5.  ELECTRIC  CONDUCTORS 

NOTES  ON  UNDERGROUND  CONDUITS  AND  CABLES 
C.  T.   Mosman  Vol.  xxzi—191S,  pp.  766-781 

Exhaustive  experimental  investigation  of  a  certain  underground  con- 
duit single  conductor  alternating  current  installation  to  determine  the 
temperature  distribution  in  the  conduit  ducts  and  cables  under  various 
conditions  of  ventilation  and  load.    Results  plotted  in  the  form  of  curves. 

Discussion,  pp.  782-809,  by  Messrs.  A.  E.  Kennelly,  L.  L.  Elden, 
William  L.  Puffer,  William  Clark,  E.  N.  Lake,  G.  A.  Burnham,  David 
Harrington,  George  W.  Palmer,  Jr.,  Philip  Torchio,  C.  T.  Mosman, 
and  R.  W.  Atkinson.  Generalization  of  author's  results.  Results  of 
other  tests  on  the  heating  and  carrying  capacity  of  underground  cables. 
Practice  of  various  central  stations  in  underground  cable  opera- 
tion. Ventilation  of  conduits.  Observed  sheath  currents,  e.m.f s.  and 
losses.  Calculation  of  induced  current  and  e.m.f.  in  lead  sheath  of 
single  conductor  cables. 

LOCALIZERS,    SUPPRESSORS.  AND  EXPERIMENTS 
E.  E.  F.  Creighton  and  J.  T.  WhitUesey  Vol.  xzzi— 1918,  pp.  1881-1910 

Experimental  study  of  effect  of  grounding  upon  e.  m.  fs.  in  three  phase 
system,  followed  by  oscillographic  tests  made  to  determine  the  applica- 
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bility  of  localizers  and  arcing  ground  surpressors  to  the  distribution  sys- 
tems of  the  Public  Service  Electric  Company  of  New  Jersey.  Detailed 
discussion  of  oscillograms  of  current  and  e.m.f.  in  the  system  under 
various  grounding  conditions.  Charts  of  insulation  resistance  of  system 
of  underground  and  overhead  conductors  under  various  weather  condi- 
tions. 

Discussion,  incorporated  with  that  of  paper  by  L.  L.  Elden  on  '*  Relay 
Protective  Systems." 


6.  MAGNETIC    PROPERTIES    AND    TESTING    OF   IRON 

PERMEABILITY     MEASUREMENTS    WITH    ALTERNATING    CURRENT 
L.  T.  Robinson  and  J.  D.  BaU  Vol.  zzzi— 191S,  pp.  1609-ltl5 

Study  of  general  relations  between  maximum  flux  density,  maximum 
exciting  current  and  magnetizing  current. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Sharp  and  F.  M. 
Parmer  on  "  Measurements  of  Maximum  Values  in  High- Voltage  Test- 
mg. 

MEASUREMENTS  OF  MAXIMUM  yALUES  IN  HIOH-VOLTA6E  TESTING 
C.  H.  Sharp  and  F.  M.  Fanner  Vol.  zzzi— 191t,  pp.  ltl7-lMt 

Use  of  electrostatic  voltmeter  with  synchronous  reversing  commutator 
across  one  section  of  a  series  of  condensers.  Introduction  of  the  term 
"  peak-factor." 

Discussion,  including  that  of  paper  by  L.  T.  Robinson  and  J.  D.  Ball 
on  "  Permeability  Measurements  with  Alternating  Current,"  pages 
1623-1626,  by  Messrs.  E.  D.  Doyle,  M.  G.  Lloyd,  Clayton  H.  Sharp. 
T.  W.  Varley,  L.  T.  Robinson  and  Elihu  Thomson.  Leakage  loss  with 
electrostatic  voltmeter.  Limitations  in  the  use  of  alternating  current 
for  permeability  measurements.     Comments  on  "  peak-factor." 

THE  EFFECT  OF  TEMPERATURE  UPON  THE  HYSTERESIS  LOSS  IN  SHEET  STEEL 
Malcolm  MacLaren  Vol.  zzxi — 191S,  pp.  S026-t086 

Experimental  investigation  of  the  rate  of  heating  upon  hysteresis 
losses  and  permeability  of  iron.  Hysteresis  loops  obtained  at  non- 
magnetic temperature. 

Discussion,  pp.  2036-2049  by  Messrs.  Philip  Torchio,  L.  \V.  Chubb, 
C.  A.  Adams,  David  B.  Rushmore,  W.  M.  McConahey;  Charles  F. 
Scott,  H.  M.  Hobart,  M.  V.  Ayres,  W.  S.  Moody,  Ralph  D.  Mershon, 
Malcolm  MacLaren,  W.  L.  Waters,  and  M.  G.  Lloyd.  Construction 
and  electrical  constants  for  external  reactance  built  for  20,000-kw.  gen- 
erator of  New  York  Edison  Company.  Relation  between  relative  me- 
chanical strength  under  short  circuit  and  the  size  of  a  transformer. 
Disadvantages  of  transformers  and  alternators  <losi^ned  to  have  high 
re-;ietanee.  Referenees  and  results  from  investigations  made  by  various 
experinientors  on  iron  and  other  magnetie  materials  at  extremely  high 
and  low  temi)eratures. 
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7.  BATTERIES 

ELECTRICITY  ON  THE  FARM 
Potsain  A.  Bates  yol.  zzzi— 1911,  pp.  1989-tOOS 

Review  of  the  present  state  of  the  art  of  applying  electricity  in  agri- 
cultural undertakings.  Specific  data  from  irrigated  farms,  stock  farms 
and  others,  covering  central  station  and  isolated  plant  practise.  Power 
requirements  of  such  enterprises  and  rates  changed  by  central  stations, 
use  of  storage  batteries. 

Discussion,  pp.  2004-2013  by  Messrs.  J.  D.  Merrificld,  L.  L.  Elden, 
Putnam  A.   Bates,   J.   A.    Moyer,   Sanford,   and   Adolph   Shane. 


8.  TRANSFORMERS 

SOME  FEATURES  OF  THE  OUTDOOR  ELECTRICAL  INSTALLATION 
F.    C.    Green  Vol.  xzxi— 191t,  pp.  8tS-St7 

Brief  description  of  the  requirements  of  apparatus  for  outdoor  substa- 
tions. List  of  transformers  now  in  operation.  Data  on  moisture  con- 
tained in  air,  effect  of  heat  on  insulation  strength  of  oil,  etc. 

No  discussion. 

MEASUREMENT  OF  ENERGY  WITH  INSTRUMENT  TRANSFORMERS 
Alexander  MaxweU  Vol.  zzzi— 1911,  pp.  1S45-1560 

Effect  of  ratio  and  phase  angle  upon  the  accuracy  ofw'att-hour  meters 
under  various  load  conditions. 

Discussion  incorporated  with  that  of  paper  by  C.  H.  Ingalls  on  "  Wheat- 
stone  Bridge-Rotating  Standard  Method  of  Testing  Large  Capacity 
Watt-hour  Meters. 

POTENTIAL  TRANSFORMER  TESTING 
J.  R.  Cndghead  Vol.  xzxi— 191S.  pp.  1M7-1US 

Analysis  of  errors  resulting  from  resistance  of  the  detector  circuit  when 
making  ratio  and  phase  angle  test  by  the  balance  method. 

Discussion  incorporated  with  that  of  paper  by  P.  G.  Agnew  and  F.  B. 
Silsbee  on  "  The  Testing  of  Instrument  Transformers." 

THE  TESTING  OF  INSTRUMENT  TRANSFORMERS 
P.  G.  A<new  and  F.  B.  SUsbee  Vol.  zzxi— 191t,  pp.  ItM-ltU 

Bureau  of  Standards  modification  of  potentiometer  or  balance  method 
of  testing  shunt  and    series    instrument    transformers. 

Discussion  including  that  of  paper  by  J.  R.  Craighead  on  "  Potential 
Transformer  Testing,"  pages  1639-1644.  Relative  merits  of  vibration 
galvanometer  and  reversing  key  as  detector  in  balance  method  of  testing 
instrument  transformers. 

THE  USE  OF  REACTANCE  IN  TRANSFORMERS 
W.  S.  Moody  Vol.  zzxi— 191t,  pp.  1015-tOtS 

Analytical  discussion  of  transformer  design  with  reference  to  the  pro- 
duction   of    high    internal    reactance.     Description    of    magnetic  shunt 
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method  of  transformer  construction.     Effect  of  high  internal  reactance 
on  mechanical  stresses. 

Discussion,  incorporated  with  that  of  paper  by  Malcolm  MacLaren 
on  '•  The  Effect  of  Temperature  Upon  the  Hysteresis  Loss  in  Sheet  Steel." 


9.  ELECTRIC  MACHINERY  AND  APPARATUS 

OPERATION  OF  TWO  ALTERNATING-CURRENT  STATIONS  THROUGH 

PARALLEL  CIRCUITS,  AND  THE  DISTRIBUTION  OF  LOAD 

AND  WATTLESS  CURRENTS  BETWEEN  THEM 

J.    W.    Welsh  Vol.  zzzi— 1911,  pp.  M»-4S7 

General  analytical  discussion  of  parallel  operation  of  alternators  and 
alternating  current  stations.  Division  of  load  and  current  tmder  various 
conditions  of  connecting  circuits  and  of  speed  and  voltage  adjustment. 
Vector  diagrams  illustrating  effect  of  different  conditions  upon  magnitude 
and  phase  of  currents  and  e.m.fs. 

Discussion,  pages  458-470,  by  Messrs.  Waldo  V.  Lyon,  H.  Y.  Hall, 
Gano  Dtmn,  P.  M.  Downing,  W.  A.  Hillebrand,  Lester  McKenney, 
J.  W.  Welsh,  R.  Howes,  P.  R.  Brainard  and  A.  S.  McAllister.  Division 
of  load  between  alternators  and  alternating  current  stations.  Effect 
of  adjustment  of  excitation.  Design  of  transmission  line  for  intercon- 
nection of  station  to  be  operated  in  parallel  to  give  maximum  synchron- 
izing power. 

AIR  GAP  FLUX  DISTRIBUTION  IN  DIRECT-CURRENT  MACHINES 
Charles  R.   Moore  Vol.  zzzi— 191t,  pp.  609-115 

Account  of  experiments  made  on  a  d.  c.  machine  to  develop  an  ac- 
curate and  rational  method  of  calculating  a  full-load  flux  distribution 
from  design  data.  Description  of  test  apparatus  and  methods.  Discus- 
sion of  results.  Development  of  method  of  calculating  permeance, 
m.m.f.  and  flux  for  both  full  and  no  load  conditions. 

Discussion,  pp.  526-528  by  H.  Weichsel.  Effect  of  armature  flux  on 
flux  distribution. 

SELF-STARTING  SYNCHRONOUS  MOTORS 
Carl  J.  Fechheimer  Vol.  zzxi— 191S,  pp.  Stt-MS 

Analytical  and  experimental  study  of  the  starting  characteristics  of 
synchronous  motors  with  revolving  field  structure.  Discussion  of  effects 
of  various  factors  upon  the  starting  characteristics  at  standstill  and 
during  acceleration.  Results  of  tests  plotted  as  curves  to  determine  the 
quantitative  effect  of  various  operating  and  design  factors  upon  the  starting 
and  accelerating  characteristics..  Starting  characteristics  of  various 
types  of  load,  such  as  fans,  centrifugal  pumps,  motor-generator  sets,  etc. 
Mathematical  predetermination  of  the  starting  characteristics  of  synchron- 
ous motors.     Appendix  giving  mathematical  development  of  formulas. 

Discussion,  pp.  586-604,  by  Messrs.  R.  B.  Williamson,  F.  D.  Newbury, 
H.  M.  Gassman,  A.  M.  Dudley,  W.  J.  Foster,  B.  G.  Lamme,  Francis  B. 
Crocker,  C.  P.  Steinmetz,  Bradley  T.  McCormick  and  C.  J.  Fechheimer. 
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General  remarks  on  design  of  synchronous  motors  for  favorable  starting 
characteristics.  Explanation  of  half-speed  running  of  synchronous 
motors. 

DIRECT-CURRBNT  AND  ALTERNATING-CpRRBNT  MILL  MOTORS  FOR 

AUXILIARY  DRIVBS 
Brent  WUey  Vol.  nxi— 1911,  pp«  tOS-Clt 

Analytical  discussion  of  the  design  requirements  of  d.  c.  and  a.  c.  motors 
for  steel  mill  service.  Characteristics  of  series  and  compound  d.  c.  motors 
and  induction  motors  with  wound  secondary. 

Discussion,  pp.  619-626,  by  Messrs.  Alexander  C.  Lanier,  M.  A.  Whiting, 
R.  B.  Treat,  Gano  Dunn,  F.  R.  Fishback,  A.  G.  Ahrens  and  Brent  Wiley. 
General  remarks  on  choice  of  motor  for  steel  mill  auxiliaries;  a.  c.  vs. 
d.  c.  motors.     Method  of  rating  motors  for  intermittent  service. 

ELECTRIC  BRAKING  OF  INDUCTION  MOTORS 
H.  C.  Specht  yol.  zzzi— 1911,  pp.  MT-MO 

Theoretical,  mathematical  analysis  of  induction  motor  performance 
with  a.  c.  and  d.  c.  braking.  Development  of  equations  for  design  of 
such  systems. 

Discussion,  pp.  641-643,  by  Messrs.  H.  E.  White,  H.  P.  Stratton,  Gano 
Dunn,  John  C.  Reed,  Clark  S.  Lankton  and  H.  C.  Specht.  Advantages 
of  electric  braking  of  d.  c.  motors. 

ELECTRIFICATION  OF  A  REVERSING  MILL  OF  THE  ALGOMA  STEEL  COMPANY 
Bradley  T.   McCormick  Vol.  zzzi^ltlS,  pp.  M5-Ut 

Description  of  flywheel  motor-generator  set  and  equipment  for  re- 
versing mill  plant  giving  general  design  data  for  the  generators,  motors, 
controllers,  etc. 

Discussion,  pp.  653-658,  by  Messrs.  David  Hall,  B.  T.  McCormick, 
Wilfred  Sykes,  R.  A.  Black,  H.  C.  Specht,  R.  B.  Treat  and  H.  W.  Cheney. 
Effect  upon  inertia  of  dividing  units.  European  practice  in  rolling  mill 
drives.     Time  required  to  reverse  Algoma  mill,  test. 

THE  OPERATION  OF  A  LARGE  ELECTRICALLY  DRIVEN  REVERSING  ROLUNG 

MILL 
Wilfred   Sykes  Vol.  zzzi^ltlS.  pp.  U»-eSl 

General  description  of  electrically  driven  universal  mill  of  the  Illinois 
Steel  Company.  Detailed  description  of  the  flywheel  motor-generator 
plant  and  controlling  equipment  with  design  data,  performance  character- 
istics and  test  results.  Power  required  to  operate  mill  and  load  character- 
istics. 

Discussion,  pp.  682-684,  by  Messrs.  R.  A.  Black,  H.  C.  Specht,  R. 
Tschentscher,  James  Farrington,  Bradley  T.  McCormick  and  E.  Pried- 
laender.     Relative  economy  of  two-high  and   three-high    rolling    mills. 

ELECTRICAL  CONTROL  OF  A  LARGE  MINE  HOIST 
H.  W.  Cheney  Vol.  zzzt— 1911,  pp.  Mft-fM 

General  description  of  induction  motor  hoist  in  No.  5  mine  of  the 
Woodward  Iron  Company,  Birmingham,  Alabama.  Detailed  descrip- 
tion of  design  and  performance  of  water  rheostat.  Experimental  data 
for  rational  design  of  water  rheostats. 
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Discussion^  pp.  700-708,  by  H.  M.  Gassman,  W.  O.  Oschmann,  H.  E' 
White,  Wilfred  Sykes,  F.  L.  Stone,  E.  Friedlaender,  H.  W.  Cheney  and 
M.  A.  Whiting.  Data  on  the  design  of  water  rheostats;  general  remarks 
and  experience  in  their  operation. 

PRBQUBNCT 
D.  B.  Rathmore  Vol.  zzzi— 1911,  pp.  •M-9TS 

Comprehensive  review  of  the  quantitative  relations  between  frequency 
and  the  operative  characteristics  of  electrical  apparatus  and  distribution 
circuits  showing  the  difl&culty  of  fixing  a  universal  standard  frequency 
for  commercial  circuits.  The  effect  of  frequencies  upon  the  design  and 
operation  of  electrical  systems  as  to  cost  and  satisfactory  service.  Table 
of  frequencies  used  in  various  typical  systems  covering  central  stations, 
railways  and  many  industrial  plants. 

Discussion,  pp.  975-984,  by  Messrs.  Samuel  Sheldon,  John  J.  Frank, 
B.  G.  Lamme,  G.  H.  Stickney,  W.  J.  Foster,  H.  R.  %Summerhayes,  Charles 
F.  Scott,  N.  J.  Neall,  J.  R.  Worth  and  E.  A.  Lof.  Effect  of  frequency 
upon  the  design  and  operation  of  transformers.  Historical  rdsum^  of 
commercial  practice  in  the  choice  of  frequency  and  discussion  of  the 
reasons  therefor.  Performance  of  lamps  on  low  frequency.  Method  of 
choosing  between  25  and  60  cycles  in  generator  design. 

THE  TRANSIENTIRBACTIONS  OF  ALTERNATORS 
WlUkm  A.  Durgin  and  R.  H.  Whitehead  yol.  zx^—Ull,  pp.  it87-i«60 

Demonstration  of  the  existence  of  transient  impedance  in  alternators 
and  experimental  study  of  its  effect  upon  the  performance  of  large  turbo- 
generators under  short-circuit  conditions,  alone  and  connected  in  parallel 
with  others  to  a  distribution  system;  also  its  influence  upon  cross  currents 
in  paralleling  such  generators.  Tests  showing  the  effects  of  external 
reactance  and  resistance  on  short-circuit  currents  and  resulting  torques. 
Results  plotted  as  curves. 

Discussion,  including  that  of  paper  by  A.  B.  Field  on  "  Operating 
Characteristics  of  Large  Turbo-Generators,"  pp.  1681-1693,  by  Messrs. 
H.  M.  Hobart,  B.  G.  Lamme,  P.  M.  Lincoln,  Henry  G.  Reist,  Comfort  A. 
Adams,  A.  B.  Field,  Sanford  A.  Moss,  H.  R.  Woodrow,  W.  L.  Walters, 
and  William  A.  Durgin.  Relative  advantages  of  external  and  self-con- 
tained blowers  for  cooling  of  turbo-alternators.  Desirability  of  cleaning 
air  for  cooling  purposes.  Use  of  dampers  to  prevent  potential  rise  in 
the  field  circuit  caused  by  short  circuits.  Value  of  maximum  torques 
under  short  circuits.  Value  of  external  resistance  in  protecting  turbo- 
alternators. 

DETERMINATION  OF  POWER  EFFICIENCY  OF  ROTATING  ELECTRIC  MACHINES 
E.  M.  Olin  yol.  xzxi^ltlS,  pp.  lM«-lTi« 

Detailed  analysis  of  the  summation-of-losses  method  as  applied  to  the 
various  types  of  rotary  electric  machinery.  Methods  of  determining 
the  various  losses  and  tabulated  results  of  numerous  tests  on  all  classes 
of  machines  discussed.  Correction  factors  for  load  losses  that  can  not 
be  separated  are  tabulated  for  different  types  of  machines  operating  at 
different  loads.  Disadvantages  of  input-out-put  method  and  actual  com- 
parison of  this  method  with  summation-of-losses  method. 
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Discussion  pp.  1719-1720,  by  C.  M.  Green,  B.  G.  Lamme  and  E.  M. 
Olin. 

THE  SQUIRRBL-CAOB  INDUCTION  OBNBRATOR 
H.  M.  HotMTt  and  E.  Knowlton  VoL  zzz(^1911,  pp.  17tl-i74T 

Analytical  discussion  of  the  design  of  induction  generators  for  operation 
at  very  high  speeds  and  in  large  units.  Some  results  of  studies  made  on 
induction  generators  in  the  Interborough  Rapid  Transit  Power  House. 
Comparison  of  the  design,  operation  and  economic  features  of  synchronous 
and  induction  generators. 

Discussion,  incorporated  with  that  of  paper  by  P.  M.  Lincoln  on 
*'  Motor   Starting   Currents   as  Affecting  Large  Transmission  Systems.'* 


SINGLE-PHASE  INDUCTION  MOTORS 
W.  J.  Brmnson  VoL  zzzi— 1911,  pp.  174f-17«7 

Development  of  complete  vector  analysis  of  single- phase  induction 
motors  applicable  even  to  the  smallest  commercial  sizes.  Method 
compared  with  actual  tests.  Formulas  for  secondary  no-load  current 
as  reflected  in  the  primary,  for  the  construction  of  the  current  circle  and 
for  the  speed  of  single-phase  induction  motors  developed  from  the  trans- 
former theory. 

Discussion,  incorporated  with  that  of  paper  by  P.  M.  Lincoln  on 
"  Motor  Starting  Currents  as  Affecting  large  Transmission  Systems." 


MOTOR   STARTING   CURRENTS   AS   AFFECTING   LARGE   TRANSMISSION 

SYSTEMS 
P.  M.  Lincoln  Vol.  zzzi— 1911,  pp.  1789-1800 

Reason  for  limiting  the  size  of  motors  connected  to  a  given  system. 
Account  of  extensive  investigation  of  starting  conditions  found  in  a  certain 
system  where  a  number  of  cotton  mills  are  connected  to  a  transmission 
net  work.  Recording  wattmeter  records  on  mills  and  transmission  line. 
Starting  data  on  different  types  and  sizes  of  induction  motors. 

Discussion,  including  that  of  paper  by  H.  M.  Hobart  and  E.  Knowlton 
on  "  The  Squirrel  Cage  Induction  Generator  "  and  W.  J.  Branson  on 
"  Single-Phase  Induction  Motors,"  pp.  1801-1810,  by  Lee  Hagood, 
Comfort  A.  Adams,  E.  P.  W.  Alexanderson,  Lester  McKenney,  H.  M. 
Hobart,  E.  Knowlton  and  W.  L.  Waters.  Use  of  synchronous  condenser 
in  connection  with  a  system  fed  by  induction  generators  and  synchronous 
generators,  operating  in  parallel.  General  remarks  on  calculation  of 
core  losses  and  eddy  currents  in  induction  generators. 

DEVELOPMENT  OF  A    SUCCESSFUL    DIRECT-CURRENT    tOOO-KW.    UNIPOLAR 

GENERATOR 
B.  6.  Umme  Vol.  zzzi— 181%  pp.  1811-1888 

Account  of  the  experiences  obtained  and  difficulties  overcome  in  the 
practical  development  of  a  large  unipolar  machine.  Description  of  origi- 
nal construction  and  subsequent  modifications  giving  reasons  therefore. 
Overcoming  of  troubles  incident  to  current  collection,  ventilation  and 
i  nsulation  with  very  high  speed  operation  in  an  extremely  dirty  atmos- 
phere. 

Discussion,  pp.  1836-1840  by  Messrs.  J.  B.  Noeggerath,  Elihu  Thomson, 
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and  W.  L.  Waters.  Comparison  of  another  solution  of  a  similar  problem 
with  that  described  in  the  paper.  Very  early  experience  in  the  design 
of  unipolar  machines. 

EXCITATION  OF  ALTERNATING-CURRENT  GENERATORS 
D.  B.  Rttshmore  VoL  zzzi~1911,  pp.  lUi-187t 

Excitation  requirements  of  alternators  and  characteristics  of  various 
types  of  exciters.  Brief  description  of  different  methods  of  alternator 
excitation  and  voltage  regulation.  Circuit  diagrams  and  principles  of 
operation  of  various  types  of  voltage  regulators,  including  the  booster 
system,  and  systems  developed  by  Tirrill,  Thury  and  Chapman.  Choice 
of  exciter  arrangements  together  with  collection  of  circuit  diagrams,  show- 
ing typical  arrangements  used  in  modem  practice. 

Discussion,  pp.  1877-1880  by  Messrs.  B.  G.  Lamme,  H.  M.  Hobart, 
J.  Lester  Woodbridge,  E.  A.  Lof,  and  Lester  McKenney.  General  re- 
marks on  the  choice  of  excitation  system. 

THE  ECONOMICAL  SPEED  CONTROL  OP  ALTERNATING-CURRENT  MOTORS 

DRIVING  ROLUN6  MILLS 
F.  W.  Meyer  and  Wilfred  Sykes  Vol.  zzzi— 191S,  pp.  SM7-t0tf 

Classification  of  speed  requirements  of  rolling  mills  followed  by  analy- 
tical discussion  of  various  methods  of  induction  motor  control  including 
rheostatic,  multi-winding,  cascade  and  regulating  machines  of  various 
types  with  special  reference  to  the  last  named.  Late  developments  in  the 
use  of  frequency  changers  as  regulating  machines,  three-phase  commutator 
motors  for  direct  drive. 

Discussion,  including  that  of  paper  by  Wilfred  Sykes  on  **  Power  Re- 
quirements of  Rolling  Mills  "pp.  2096-2120  by  Messrs.  John  M.  Hippie,  J. 
H.  Wilson,  Selby  Haar,  Edward  J.  Cheney,  Bayse  N.  Westcott,  David  M. 
Petty,  Fred  Bickford  Crosby,  L.  T.  Robinson.  H.  L.  Barnholdt,  G.  E. 
Stoltz,  Wilfred  Sykes  and  Ford  W.  Harris.  General  remarks  and  ex- 
perience in  the  choice  of  motor  equipments  for  rolling  mill  drives.  Method 
of  testing  steam  driven  mills  relative  merits  of  different  methods  of  speed 
control.     Notes  on  recording  instruments  for  tests. 


10.  PRIME  MOVERS  AND  STEAM  BOILERS 

PLANT  EFFICIENCY 

An  Analysis  of  the  Losses  of  a  Hydroelectric  System. 

J.  D.  Ross  yol.  zzzi— 191t,  pp.  471-484 

Description  of  plant  and  analytical  discussion  of  the  losses  in  the  gener- 
ating and  distributing  system  of  the  Seattle  Municipal  Light  and  Power 
Company.  Efficiency-load  characteristics  and  losses  of  different  elements 
of  the  hydraulic  and  electric  systems.     Tables  and  curves. 

Discussion,  pp.  485-490,  by  Messrs.  Gano  Dunn,  J.  D.  Ross,  S.  J.  Lis- 
berger,  R.  Howes,  J.  B.  Fisken,  L.  F.  Harza,  O.  B.  Coldwell,  and  H.  Y. 
Hall.     Efficiency    of    Pelton    wheels.     Importance    of    plant    efficiency. 
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OPERATING  CHARACTERISTICS  OF  LARGE  TURBO-GBNBRATORS 
A.  B.  Field  Vol.  zzz(— 1911,  pp.  ISO-lUt 

Trend  of  modem  practice  in  the  choice  of  size,  speed,  ventilation  and 
regulation  of  large  turbo- generators.  Benefits  derived  from  allowing 
poorer  regulation. 

Discussion,  incorporated  with  that  of  paper  by  William  A.  Durgin  and 
R.    H.    Whitehead    on    "  The   Transient    Reactions   of   Alternators." 

THE  RUNAWAY  SPEED  OF  WATERWHEELS  AND  ITS  EFFECT  ON  CON- 
NECTED ROTARY  MACHINERY 
Daniel  W.  Mead  Vol.  xxzi^ltlt,  pp.  1M7-19M 

Elementary  principles  for  turbine  governing  followed  by  brief  review 
of  the  hydraulics  of  impulse  and  reaction  wheels  with  special  reference 
to  the  determination  of  the  runaway  speed.  Practical  example  of  cal- 
culation. Fundamental  data  given  for  various  commercial  types  of 
impulse  and  reaction  wheels. 

No  discussion. 


11.  POWER  PLANTS 

SOME  NOTES  ON  ISOLATED  PLANTS 
Percival    R.    Mosea  Vol.  zzzi — 1911,  pp.  lf-46 

Brief  analytical  discussion  of  the  interdependence  of  the  various  factors 
in  the  design  of  isolated  plants  for  the  production  and  utilization  of 
energy  for  heating,  lighting,  refrigeration,  driving  machinery,  etc.,  Actual 
load  requirements  in  different  types  of  plants,  together  with  costs,  equip- 
ment used,  log  sheets  and  load  curves.  Cost  of  electric  energy  produc- 
tion in  different  types  of  isolated  plants. 

Discussion,  pp.  46-68,  by  Messrs.  R.  P.  Bolton,  John  C.  Parker,  Arthur 
Williams,  George  W.  Martin,  Charles  K.  Nichols,  John  W.  Lieb,  Jr., 
S.  N.  Clarkson  and  Clarence  P.  Fowler.  Criticism  and  defense  of  author's 
figures  and  methods  of  analysis. 

CENTRAL  STATION^ELECTRIC  POWER  FOR  RAILROAD  OPERATION 
Frederick   Darlington  Vol.  zzzi — 1911,  pp.  tf-Tt 

Advantages  of  electric  energy  over  steam  in  railway  operation.  Reasons 
for  purchasing  electric  energy  from  central  stations.  Gain  in  economy 
due  to  larged  mixed  loads. 

Discussion,  incorporated  with  paper  by  George  I.  Rhodes  on  "A 
Method  of  Studying  Power  Costs  with  Reference  to  the  Load  Curve  and 
Overload  Economies." 

A  METHOD  OF  STUDYING  POWER  COSTS  WITH  REFERENCE  TO  THE  LOAD 

CURVE  AND  OVERLOAD  ECONOMIES 
George  I.  Rhodes  Vol.  zzzi— Itlt,  pp.  tl-lOO 

Mathematical  analysis  of  the  cost  of  producing  electric  energy,  based 
on  assumption  of  certain  relation^  between  load  and  losses  in  steam-elec- 
tric plants.     Effect  of  load-factor  and  overload  capacity  on  cost  of  energy 
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• 
production.     Relation  between  first  cost  and  operating  charges  on  over- 
load. 

Discussion,  pp.  101-114,  by  Messrs.  H.  G.  Stott,  Hartley  Le  H.  Smith, 
P.  M.  Lincoln,  C.  O.  Mailloux,  Farley  Osgood  and  G.  I.  Rhodes.  Criti- 
cism and  defense  of  author's  methods.  Definition  of  rating.  Mathe- 
matical expression  of  efficiency  of  prime  movers. 

THE  RBLATIVB  COSTS  AND  OPERATING  EFFICIENCIES  OF  POLYPHASE  AND 

SINOLB-PHASE  OENERATINO  AND  TRANSMITTINO  SYSTEMS 
H.  M.  Hobart  Vol.  zzzi— 1911.  pp.  116-147 

Details  and  comprehensive  analysis  of  the  cost  of  producing  electric 
energy,  transmitting  it  and  delivering  it  to  the  working  conductors  of  a 
railway  system,  by  the  straight  single-phase  system  and  by  the  three- 
phase  synchronous  converter  substation  system. 

Discussion,  pp.  142-166,  by  Messrs.  W.  C.  Smith,  C.  M.  Green,  H.  M. 
Hobart,  B.  A.  Behrend,  Dugald  C.  Jackson,  A.  E.  Kennelly,  C.  T.  Mos- 
man,  W.  S.  Murray,  Edgar  Knowlton,  John  B.  Sparks  and  Roger  T.  Smith. 
Relative  merits  of  single-phase  and  d.  c.  railway  systems.  Costs  and 
efficiencies  from  actual  practice. 

THE  RELATION  OF  CENTRAL  STATION  GENERATION  TO  RAILWAY  ELECTRI- 

FICATION 
Samuel  InsuU  Vol.  zzzi— 1911,  pp.  ttl-iSl 

Comprehensive  analytical  discussion  of  the  advantages  and  savings 
to  be  derived  by  combining  all  electrical  power  plants  in  Greater  New  York 
into  one  unified  system.  Restdts  attained  by  unification  in  Chicago 
compared  with  group  systems  in  New  York  and  Boston.  Load  curves 
and  characteristics  of  different  classes  of  service  in  New  York,  Boston 
and  Chicago.  Much  well-digested,  statistical  information  on  industrial 
power,  lighting  and  railway  service.  Appendix  on  power  requirements 
of  Chicago  electrified  steam  roads  showing  saving  of  unified  energy  supply 
system  over  independent  group  system. 

Discussion,  pp.  283-322,  by  Messrs.  John  W.  Lieb,  Jr.,  Dugald  C.  Jack- 
son, Charles  P.  Steinmctz,  Lewis  B.  Stillwell,  Benjamin  F.  Wood,  Cary  T. 
Hutchinson,  Bion  J.  Arnold,  Samuel  Insull,  Frank  J.  Sprague,  Hans 
Lippelt,  William  McClellan,  Percy  H.  Thomas,  W.  G.  Carlton,  Calvert 
Townley,  S.  D.  Sprong,  W.  S.  Lee,  William  B.  Jackson,  Lee  H.  Parker, 
C.  O.  Mailloux,  P.  W.  Sothman,  C.  L.  de  Muralt,  N.  W.  Storer,  Edward 
N.  Lake.  General  remarks  on  feasibility  and  desirability  of  supplying 
electric  railways  from  unified  systems  of  electric  energy  production.  Ad-- 
vantages  of  unified  system  in  organization,  economy  and  favorable  opera- 
ing  conditions.     Defense  of  separate  power  plants  for  railways. 

OPERATION  OF  TWO  ALTERNATING-CURRENT  STATIONS  THROUGH 

PARALLEL  CIRCUITS,  AND  THE  DISTRIBUTION  OF  LOAD 

AND   WATTLESS    CURRENTS    BETWEEN    THEM 

J.  W.  Welsh  Vol.  zxzi— 191t,  pp.  44»-4iT 

General  analytical  discussion  of  parallel  operation  of  alternators  and 
alternating  current  stations.  Division  of  load  and  current  under  various 
conditions  of  connecting  circuits  and  of  speed  and  voltage  adjustment. 
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Vector  diagrams  illustrating  effect  of  different  conditions  upon  magni- 
tude and  phase  of  currents  and  e.m.fs. 

Discussion,  pp.  458-470,  by  Messrs.  Waldo  V.  Lyon,  H.  \.  Hall,  Gano 
Dunn,  P.  M.  Downing,  W.  A.  Hillebrand,  Lester  McKenney,  J.  W.  Welsh, 
R.  Howes,  F.  R.  Brainard  and  A.  S.  McAllister.  Division  of  load  between 
alternators  and  alternating  current  stations.  Effect  of  adjustment  of 
excitation.  Design  of  transmission  line  for  interconnection  of  stations 
to  be  operated  in  parallel  to  give  maximum  synchronizing  power. 

PLANT  EFFICIENCY 

An  AtudyBifl  of  the  Losses  of  a  Hydroelectric  System 

J.  D.  Ross  Vol.  zzzi— 1911,  pp.  471-484 

Description  of  plant  and  analytical  discussion  of  the  losses  in  the  gen- 
erating and  distribution  system  of  the  Seattle  Municipal  Light  &  Power 
Company.  Efficiency-load  characteristics  and  losses  of  different  elements 
of  the  hydraulic  and  electric  systems.     Tables  and  curves. 

Discussion,  pp.  485-490,  by  Messrs.  Gano  Dunn,  J.  D.  Ross,  S.  J.  Lis- 
berger,  R.  Howes,  J.  B.  Fisken,  L.  F.  Harza,  O.  B.  Coldwell,  and  H.  Y. 
Hall.     Efficiency  of  Pelton  wheels.     Importance  of  plant  efficiency. 

DOES  IT  PAY  THE  AVERAGE  COAL  MINE  TO  PURCHASE  CENTRAL  STATION 

POWER 
Graham  Brisht  Vol.  zzzi— 1911,  pp.  7S7-747 

Detailed  analysis  of  the  cost  of  producing  electric  energy  at  the  coal 
mine  and  cost  of  changing  over  for  central  station  service  for  requirements 
of  coal  mines.     Cost  data  from  actual  practice  in  coal  mine  power  plants. 

Discussion,  pp.  748-754,  by  Messrs.  E.  D.  Dreyfus,  George  R.  Wood, 
H.  M.  Gassman,  E.  T.  Penrose,  Wilfred  Sykes,  W.  N.  Ryerson,  H.  N. 
Muller,  and  Graham  Bright.  Cost  data  on  energy  production  at  coal 
mines.     Central  stations  vs.  independent  plants. 

FREQUENCY 
D.  B.  Rushmore  Vol.  xzxi — Itlt,  pp.  965-971 

Comprehensive  review  of  the  quantitative  relations  between  frequency 
and  the  operative  characteristics  of  electrical  apparatus  and  distribution 
circuits  showing  the  difficulty  of  fixing  a  universal  standard  frequency  for 
commercial  circuits.  The  effect  of  frequencies  upon  the  design  and 
operation  of  electrical  systems  as  to  cost  and  satisfactory  service.  Table 
of  frequencies  used  in  various  typical  systems  covering  central  stations, 
railways  and  many  industrial  plants. 

Discussion,  pp.  973-984,  by  Messrs.  Samuel  Sheldon,  John  J.  Frank, 
B.  G.  Lamme,  G.  H.  Stickney,  W.  J.  Foster,  H.  R.  Summerhayes,  Charles 
F.  Scott,  N.  J.  Neall,  J.  R.  Werth  and  E.  A.  Lof.  Effect  of  frequency 
upon  the  design  and  operation  of  transformers.  Historical  resume  of 
commercial  practice  in  the  choice  of  frequency  and  discussion  of  the  rea- 
sons therefor.  Performance  of  lamps  on  low  frequency.  Method  of 
choosing  between  25  and  60  cycles  in  generator  design. 
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12.  PARALLEL  OPERATION 

OPERATION  OP  TWO  ALTBRNATINO-CURRBNT  STATIONS  THROUGH 

PARALLEL  CIRCUITS,  AND  THE  DISTRIBUTION  OP  LOAD  AND 

WATTLESS    CURRENTS    BETWEEN    THEM 

J.  W.  Welsh  Vol.  zzzi— 191t,  pp.  M9-487 

General  analytical  discussion  of  parallel  operation  of  alternators  and 
alternating-current  stations.  Division  of  load  and  current  under  various 
conditions  of  connecting  circuits  and  of  speed  and  voltage  adjustment. 
Vector  diagrams  illustrating  effect  of  different  conditions  upon  magni- 
tude and  phase  of  currents  and  e.m.fs. 

Discussion,  pp.  458-470,  by  Messrs.  Waldo  V.  Lyon,  H.  Y.  Hall, 
Gano  Dunn,  P.  M.  Downing,  W.  A.  Hillebrand,  Lester  McKenney, 
J.  W.  Welsh,  R.  Howes,  F.  R.  Brainard  and  A.  S.  McAllister.  Division 
of  load  between  alternators  and  alternating-current  stations.  Effect 
of  adjustment  of  excitation.  Design  of  transmission  line  for  intercon- 
nection of  stations  to  be  operated  in  parallel  to  give  maximum  synchron- 
izing power. 

THE  TRANSIENT  REACTIONS  OF  ALTERNATORS 
William  A.  Dnrgin  and  R.  H.  Whitehead  Vol.  zzzi— 1911,  pp.  1M7-Ie80 

Demonstration  of  the  existence  of  transient  impedance  in  alternators 
and  experimental  study  of  its  effect  upon  the  performance  of  large 
turbo-generators  under  short-circuit  conditions,  alone  and  connected  in 
parallel  with  others  to  a  distribution  system,  also  its  influence  upon 
cross  currents  in  paralleling  such  generators.  Tests  showing  the  effect 
of  external  reactance  and  resistance  on  short-circuit  currents  and 
resulting  torques.     Results  plotted  as  curves. 

Discussion,  including  that  of  paper  by  A.  E.  Field  on  "  Operating  Char- 
acteristics of  Large  Turbo-Generators."  pp.  1681-1693,  by  Messrs.  H.  M. 
Hobart,  B.  G.  Lamme,  P.  M.  Lincoln,  Henry  G.  Reist,  Comfort  A.  Adams, 
A.  B.  Field,  Sanford  A.  Moss,  H.  R.  Woodrow,  W.  L.  Walters,  and  William 
A.  Durgin.  Relative  advantages  of  external  and  self-contained  blowers 
for  cooling  of  turbo-alternators.  Desirability  of  cleaning  air  for  cooling 
purposes.  Use  of  dampers  to  prevent  potential  rises  in  the  field  circuit 
caused  by  short  circuits.  Calculation  of  maximum  torques  under  short 
circuit.     Value   of   external    resistance   in    protecting   turbo- alternators. 


13.  TRANSMISSION  LINES 

SOME  PROBLEMS  OF  HIGH-VOLTAGE  TRANSMISSIONS 
Charles  P.  Steinmetz  Vol.  zxzi— Itlt,  pp.  It7-17« 

Brief  description  of  the  factors  most  prominent  in  limiting  extremely 
high-voltage  transmissions,  insulators,  capacity,  corona,  transformer  ca- 
pacity;  transformer  connections,   etc. 

Discussion,  incorporated  with  that  of  E.  M.  Hewlett  on  "  Character- 
[  istics  of  Protective  Relays." 
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CHARACTERISTICS  OF  PROTBCTIVB  RELAYS 
B.  M.  Hewlett  Vol.  nxi— 1911,  pp.  175-lU 

General  advice  concerning  selection  of  relay  characteristics  for  pro- 
tection of  various  apparatus  assembled  in  different  types  of  distribution 
systems. 

Discussion,  pages  185-202,  by  Messrs.  David  B.  Rushmore,  C.  S. 
Ruffner,  F.  W.  Peek,  Jr..  Percy  H.  Thomas,  A.  E.  Kennelly,  A.  S.  Mc- 
Allister, Farley  Osgood,  C.  O.  Mailloux,  C.  C.  Badeau,  Charles  W. 
Stone,  E.  M.  Hewlett,  G.  A.  Burnham  and  E.  A.  Lof.  General  remarks 
on  high-tension  transmission  problems.  Advantages,  disadvantages 
and  requirements  of  protective  relays  for  use  on  large  systems. 

DESIGN  OF  TELEPHONE  POLE  LINES  FOR  CONDITIONS  WEST  OF  TT^  ROCKY 

MOUNTAINS 
A.  H.  Griswold  Vol.  zzzi— 191t,  pp.  427-441 

Description  of  weather  conditions  on  Pacific  Coast  and  causes  of  pole 
deterioration.  Properties  of  Western  poles.  Pole  testing  and  apparatus. 
General  instructions  for  pole  line  erection. 

Discussion,  pages  444-447,  by  Messrs.  H.  Y.  Hall,  Gerald  Deakin, 
W.  D.  A.  Peaslee,  Gano  Dunn,  D.  P.  Ftdlerton,  P.  M.  Downing,  S.  J. 
Lisberger  and  A.  H.  Griswold.  Effect  of  concrete  casings  on  butt  rot 
of  poles. 

OPERATION  OF  TWO  ALTERNATING-CURRENT  STATIONS  THROUGH 

PARALLEL  CIRCUITS,  AND  THE  DISTRIBUTION  OF  LOAD 

AND  WATTLESS  CURRENTS  BETWEEN  THEM 

J.    W.   Welsh  yol.  zzzi— 191t,  pp.  44f-4l7 

General  analytical  discussion  of  parallel  operation  of  alternators  and 
alternating-current  stations.  Division  of  load  and  current  under  various 
conditions  of  connecting  circuits  and  of  speed  and  voltage  adjustment. 
Vector  diagrams  illustrating  effect  of  different  conditions  upon  mag- 
nitude   and    phase    of    currents   and    e.m.fs. 

Discussion,  pages  458-470,  by  Messrs.  Waldo  V.  Lyon;  H.  Y.  Hall, 
Gano  Dunn,  P.  M.  Downing,  \V.  A.  Hillebrand,  Lester  McKenney, 
J.  W.  Welsh,  R.  Howes,  F.  R.  Brainard,  and  A.  S.  McAllister.  Division 
of  load  between  alternators  and  alternating-current  stations.  Effect 
of  adjustment  of  excitation.  Design  of  transmission  line  for  intercon- 
nection of  stations  to  be  operated  in  parallel  to  give  maximum  syn- 
chronizing power. 

PRACTICAL  JOINT  POLE  CONSTRUCTION 
J.  E.  Macdonald  Vol.  zxxi— 191t,  pp.  491-500 

Description  of  the  Los  Angeles  system  of  joint  pole  construction  and 
operation.  Outline  of  joint  agreement  between  operating  companies. 
Illustrations  of  different  types  of  contruction. 

Discussion,  pp.  501-508,  by  Messrs.  A.  H.  Griswold,  L.  B.  Cramer, 
Gano  Dunn,  O.  B.  Coldwell,  S.  J.  Lisberger.  11.  R.  Wakeman,  J.  B.  Fisken, 
and  J.  E.  Macdonald.  Further  particuhirs  of  the  Los  Angeles  systems; 
fixing  of  liability,  srhcthile  of  pole  share  distribution;  tree  trimming,  pole 
line  easements. 
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PROPAGATION  OP  IMPULSES  OVER  TRANSMISSION  LINE 
J.  H.  Ciumiagluiin  and  C.  M.  Davis  Vol.  zzzi — 1911,  pp.  8tT-M« 

Description  and  analysis  of  tests  on  artificial  transmission  line  to  de- 
termine the  e.m.f.  and  current  impulses  traveling  along  the  line  when 
switching  under  various  conditions. 

Discussion  incorporated  with  that  of  paper  by  P.  W.  Peek  Jr.,  on  "Elec- 
trical Characteristics  of  the  Suspension  Insulator." 

SOME  MECHANICAL  CONSIDERATIONS  OP  TRANSMISSION  SYSTEMS 
T.  A.  Worcester  yol.  zzzi— 191S,  pp.  89T-9M 

Analysis  of  factors  that  cause  mechanical  stresses  in  transmission  towers 
bringing  out  the  economical  advantages  of  the  flexible  tower.  Cost  of 
transmission   tower  line   construction. 

Discussion  incorporated  with  that  of  paper  by  P.  W.  Peek,  Jr.,  on  "Elec- 
trical Characteristics  of  the  Suspension  Insulator." 

ELECTRICAL  CHARACTERISTICS  OP  THE  SUSPENSION  INSULATOR 
F.  W.  Peek,  Jr.  Vol.  zzzi— 1911,  pp.  MT-MO 

Experimental  investigation  of  the  operative  characteristics  of  suspension 
insulators  connected  in  series.  Development  of  equations  for  calculations 
of  the  arc-over  e.m.f.  The  string  efficiency,  the  e.m.f.  distribution  and 
the  capacity  of  strings  of  stispension  insulators  of  various  types.  Com- 
parison of  theoretical  results  with  actual  tests. 

Discussion,  including  that  of  papers  by  Messrs.  E.  E.  P.  Creighton  and 
P.  R.  Shavor  on  "  Compression  Chamber  Lightning  Arrester  and  the 
Protection  of  Distribution  Circuits;"  E.  E.  P.  Creighton,  H.  E.  Nichols 
and  P.  E.  Hosegood  on  "  Human  Accuracy:  Multi-Recorder  for  Lightning 
Phenomena  and  Switching,"  E.  E.  P.  Creighton,  P.  R.  Shavor  and  R.  P. 
Clark  on  "  Studies  of  Protection  and  Protective  Apparatus  for  Electric 
Railways  "  and  J.  H.  Cunningham  and  C.  M.  Davis  on  "  Propagation  of 
Impulses  over  Transmission^  Line  "  and  T.  A.  Worcester  on  "  Some 
Mechanical  Considerations  of  Transmission  Systems,"  pages  931-954, 
by  Messrs.  E.  M.  Hewlett,  Paul  M.  Lincoln,  R.  J.  McClelland,  C.  Edward 
Magnusson,  Andrew  McNaughton,  Harris  J.  Ryan,  R.  P.  Jackson, 
Charles  P.  Stcinmetz,  Charles  F.  Scott,  R.  Philip  Clark,  Cassius  M. 
Davis,  T.  A.  Worcester,  and  P.  W.  Peek,  Jr.  Method  of  calculating  the 
e.m.f.  distribution  in  a  string  of  suspension  insulators.  Comparison  of 
test  data  with  results  calculated  by  the  Peek  formulas.  Effect  of  ground 
wire  on  strength  of  transmission  structure.  Inherent  self-protective 
characteristics  of  a.c.  railway  circuits.     Care  of  aluminum  d.c.  arrester. 

CORONA  LOSSES  BETWEEN  WIRES  AT  HIGH  VOLTAGES 
C.  Francis  Harding  Vol.  zzzi— 191t,  pp.  lOSf-lOM 

Account  of  experimental  investigation  on  a  transmission  line  at  Purdue 
University.  Comparison  of  experimental  results  with  formulas  of  various 
investigators.     Results  plotted  as  curves. 

Discussion,  incorporated  with  that  of  paper  by  J.  B.  Whitehead  on 
'  The   Electric   Strength  i>f   Air." 
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THB  LAW  OP  CORONA  AND  THE   DIELECTRIC  STRENGTH  OP  AIR 
P.  W.  Peek,  Jr.  Vol.  zzz(— 191t,  pp.  lOf  I-IOM 

Summary  of  equations  and  laws  of  corona  covering  previous  and  present 
investigations.  Tests  of  effects,  of  temperature,  frequency,  spacing, 
wire  diameter,  water,  oil,  etc.  upon  corona  phenomena.  Also  tests  and 
calculations  of  disruptive  energy  of  air.  Relation  between  power  loss 
and  surface  gradient.  Stroboscopic  examinati  on  of  corona.  Mechanical 
vibration  of  electrified  lines. 

Discussion  incorporated  with  that  of  paper  by  J.  B.  Whitehead  on 
"  The  Electric  Strength  of  Air." 

THE  ELECTRIC  STRENGTH  OF  AIR 
J.  B.  Whitehead  VoL  zzzi— 1911,  pp.  1MS-111« 

Experimental  study  of  physical  laws  underlying  the  phenomena  at- 
tendent  upon  the  breakdown  of  air  under  electric  stresses,  being  an 
important  contribution  to  the  ionization  theory  of  corona.  Effect  of 
subdivision  of  conductors  upon  corona. 

Discussion,  including  that  of  papers  by  C.  Francis  Harding  on  "  Co- 
rona Losses  Between  Wires  at  High  Voltages  "  and  F.  W.  Peek,  Jr.  on 
"  The  Law  of  Corona  and  the  Dielectric  Strength  of  Air,"  pp.  1119-1130. 
by  Messrs.  John  B.  Taylor,  A.  E.  Kennelly,  C.  P.  Steinmetz,  C.  Francis 
Harding,  F.  W.  Peek,  Jr.,  J.  B.  Whitehead  and  A.  S.  Langsdorf.  General 
remarks  on  corona.  Comparison  of  tests  on  actual  line  with  calculated 
results  for  corona  loss  and  critical  gradient.  Observed  vibration  or 
swinging  of  high-tension  lines. 

MEASUREMENTS    OF    VOLTAGE    AND    CURRENT  OVER  A  LONG  ARTIFIAaL 

POWER-TRANSMISSION  LINE   AT  S5  AND  60  CYCLES  PER  SECOND 
A.  E.  Kennelly  and  F.  W.  Lieberknecht  Vol.  zzzi— 1911,  pp.  llSl-lltt 

Design  and  construction  of  an  artificial  transmission  line.  Methods 
of  measuring  e.m.f.  and  current  distribution  in  artificial  equivalent  of 
very  long  transmission  line.  Results  of  test,  giving  space  distribution 
of  current  and  e.m.f.  both  as  to  magnitude  and  phase.  Results  in  tabular 
and  curve  form.     Appendix — Method  of  measuring  line  impedance. 

Discussion,  pp.  1164-1165,  by  Messrs.  Charles  P.  Steinmetz,  John 
Price  Jackson,  Charles  F.  Scott,  John  B.  Taylor  and  A.  E.  Kennelly 
Praise  of  experimental  investigation. 

MOTOR  STARTING  CURRENTS  AS  AFFECTING  LARGE  TRANSMISSION 

SYSTEMS 
P.  M.  Lincoln  Vol.  zzzi^ltlt,  pp.  17«»-1800 

Reason  for  limiting  the  size  of  motors  connected  to  a  given  system. 
Account  of  extensive  investigation  of  starting  conditions  found  in  a  certain 
system  where  a  number  of  cotton  mills  are  connected  to  a  transmission 
net  work.  Recording  wattmeter  records  on  mills  and  transmission  line. 
Starting   data   on   different  types  and   sizes  of   induction   motors. 

Discussion,  including  that  of  paper  by  H.  M.  Hobart  and  E.  Knowlton 
on  "  The  Squirrel-Cage  Induction  Generator  '*  and  W.  J.  Branson  on 
"  Single-Phase  Induction  Motors,"  pages  1801-1810  by  Lee  Hagood, 
Comfort  A.  Adams,  E.  F.  W.  Alexanderson,  Lester  McKenney,  H.  M. 


26  SYNOPTICAL  INDEX 

Hobart,  E.  Knowlton  and  W.  L.  Waters.  Use  of  synchronous  condenser 
in  connection  with  a  system  fed  by  induction  generators  and  synchronous 
generators,  operating  in  parallel.  General  remarks  on  calculation  of 
core  losses  and  eddy  currents  in  induction  generators. 

HIGH-FRSQUBNCY  TESTS  OF  LINE  INSULATORS 
L.  B.  Imlay  and  Percy  H.  Thomas  Vol.  zzzi— 191S,  pp.  tlSl-Sltt 

Account  of  method  of  testing  line  insulators  with  high-frequency, 
high-potential  e.m.f.  to  determine  their  behavior  under  lightning  stresses. 
Discussion  of  the  design  of  insulators  for  lightning  stresses.  Comparative 
test  on  electrose  and  porcelain.  Suggested  outline  for  future  investiga- 
tions along  the  same  line. 

Discussion,  incorporated  with  that  of  paper  by  P.  W.  Sothman  on 
**  Comparative   Tests  of   High-Tension    Suspension   Insulators." 

COMPARATIVE  TESTS  ON  HIGH-TENSION  SUSPENSION  INSULATORS 
P.  W.  Sothman  VoL  zzzi— 191t,  pp.  tl4S-SlM 

Account  of  experimental  study  of  various  types  of  line  insulators 
to  determine  the  specifications  to  be  adopted  by  the  Ontario  Power  Com- 
pany in  equipping  a  110,000- volt  line.  Description  of  tests  and  summary 
of  results. 

Discussion  including  that  of  paper  by  L.  E.  Imlay  and  Percy  H.  Thomas 
on  "  High-Frequency  Tests  of  Line  Insulators."  pp.  2169-2226  by  Ralph 
D.  Mershon,  Paul  M.  Lincoln,  F.  W.  Peek,  Jr.,  A.  O.  Austin,  F.  M. 
Farmer,  Ralph  W.  Pope,  E.  E.  F.  Creighton,  H.  Winficld  Secor,  E.  S. 
Linotln,  Ford  W.  Harris,  Charles  Rufus  Harte,  Edward  Bennett,  F.  F. 
Brand,  Max  H.  CoUbohm,  P.  W.  Sothman,  L.  E.  Imlay,  P.  H.  Thomas 
and  R.  F.  Hay  ward.  Analysis  of  e.m.f.  distribution  and  string  ratio 
in  strings  of  suspension  insulators.  Effect  of  high-frequency  stresses 
on  insulators.  Nature  of  high-frequency  stresses.  Points  to  be  observed 
in  testing  insulators  and  outline  of  standard  specification  for  tests. 
Properties  of  glass  insulators  for  very  high-tension  work. 


14.  ELECTRIC    SERVICE,    DISTURBANCES    AND 

PROTECTION 

CHARACTERISTICS  OF  PROTECTIVE  RELAYS 

E.  M.  Hewlett  Vol.  zzzi— 191t,  pp.  175-184 

General  advice  concerning  selection  of  relay  characteristics  for  protec- 
tion of  various  apparatus  assembled  in  different  types  of  distribution 
systems. 

Discussion,  pp.  185-202,  by  Messrs.  David  B.  Rushmore,  C.  S.  Ruffner, 

F.  W.  Peek,  Jr.,  Percy  H.  Thomas,  A.  E.  Kennelly,  A.  S.  McAllister 
Farley  Osgood,  C.  O.  Mailloux,  C.  C.  Badeau,  Charles  W.  Stone,  E.  M. 
Hewlett,  G.  A.  Burnham  and  E.  A.  Lof.  General  remarks  on  high- 
tension  transmission  problems.  Advantages,  disadvantages  and  require- 
ments of  protective  relays  for  use  on  large  systems. 
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COMPRESSION   CHAMBBR   LIGHTNING   ARRBSTBR   AND   THE   PROTECTION 

OP  DISTRIBUTION  CIRCUITS 
E.  E.  P.  Creighton  and  F.  R.  Shayor  Vol.  zzzi^l9ia,  pp.  811-824 

Description  of  the  construction  and  operative  characteristics  of  a  low- 
priced  lightning  arrester  for  medium  potential  circuits.  Tests  made  to 
determine  the  practical  merits  of  this  lightning  arrester.  Specifications 
for  protection  of  pole  transformers  and  directions  for  installation  of  light- 
ning arresters  for  this  purpose.  Outline  of  actual  method  pursued  in 
experimentally  developing  this  type  of  arrester. 

Discussion,  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.,  on  "Elec- 
trical Characteristics  of  the  Suspension  Insulator." 

HUMAN  ACCURACY:   MULTI-RECORDER  POR  UGHTNING  PHENOMENA  AND 

SWITCHING 
E.  B.  P.  Creifhtoo,  H.  B.  Nichols  and  P.  E.  Hosegood        Vol.  zzzi— 1912,  pp.  8Si-8fO 

Examples  of  unreliability  of  human  impression  when  observer  is  under 
stress  of  excitement.  Use  of  multi-recorder  in  diagnosing  conditions 
which  produce  an  accident.  Description  of  the  construction  and  opera- 
tion, of  several  types  of  multi-recorders  which  are  capable  of  recording 
the  time  of  occurrence  of  any  phenomenon  that  can  be  made  to  close  an 
electrical  contact. 

Discussion  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.,  on 
"  Electrical  Characteristics  of  the  Suspension  Insulator." 

STUDIES  OP  PROTECTION  AND  PROTECTIVB  APPARATUS     POR    ELECTRIC 

RAILWAYS 

E.  B.  P.  Creighton,  P.  R.  Slui?or  and  R.  P.  CUrk  Vol.  zxzi — 1918,  pp.  851-888 

Experimental  investigation  of  effects  of  high  frequency  on  car  wiring. 
Experience  with  the  aluminum  arrester  in  the  protection  of  railway  cir- 
cuits. Additional  devices  used  with  d.c.  aluminum  arresters  to  increase 
their  durability.  Comprehensive  study  of  magnetic  blow-out  type  of 
arrester  with  oscillograph  to  determine  the  quantitative  value  of  the  various 
factors  entering  into  the  design  of  the  gap  and  the  circuit  to  which  it  is 
connected.     Many  oscillograms  of  current  and  e.m.f.  in  a  metallic  arc. 

Discussion  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.,  on 
"  Electrical  Characteristics  of  the  Suspension  Insulator." 

PROPAGATION  OP  IMPULSES  OVER  TRANSMISSION  LINE 
J.  H.  Cunningham  and  C.  M.  Dayis  Vol.  zxzi— 1918,  pp.  887-898 

Description  and  analysis  of  tests  on  artificial  transmission  line  to  de- 
termine the  e.m.f.  and  current  impulses  traveling  along  the  line  when 
switching  under  various  conditions. 

Discussion  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.,  on 
"Electrical  Characteristics  of  the  Suspension  Insulator." 

ELECTRICAL  CHARACTERISTICS  OF  THE  SUSPENSION  INSULATOR 

F.  W.  Peek,  Jr.  Vol.  zzzi— 1918,  pp.  907-980 

Experimental  investigation  of  the  operative  characteristics  of  suspension 
insulators  connected  in  series.  Development  of  equations  for  calculations 
of  the  arc-over  e.m.f.     The  string  efficiency,  the  e.m.f.  distribution  and 
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the  capacity  of  strings    of    suspension    insulators    of    various    types. 
Comparison  of  theoretical  results  with  actual  tests. 

Discussion,  including  that  of  paper  by  Messrs.  E.  E.  F.  Creighton  and 
F.  R.  Shavor  on  "  Compression  Chamber  Lightning  Arrester  and  the 
Protection  of  Distribution  Circuits,"  E.  E.  F.  Creighton,  H.  E.  Nichols 
and  P.  E.  Hosegood  on  '*  Human  Accuracy:  Multi- Recorder  for  Lightning 
Phenomena  and  Switching,"  E.  E.  F.  Creighton,  F.  R.  Shavor  and  R. 
P.  Clark  on  "  Studies  of  Protection  and  Protective  Apparatus  for  Electric 
Railways  "  and  J.  H.  Cunningham  and  C.  M.  Davis  on  '*  Propagation  of 
Impulses  over  Transmission  Line  "  and  T.  A.  Worcester  on  '*  Some 
Mechanical  Considerations  of  Transmission  Systems,"  pp.  931-954,  by 
Messrs.  E.  M.  Hewlett,  Paul  M.  Lincoln,  R.  J.  McClelland,  C.  Edward 
Magnusson,  Andrew  McNaughton,  Harris  J.  Ryan,  R.  P.  Jackson, 
Charles  P.  Steinmetz,  Charles  F.  Scott,  R.  Philip  Clark,  Cassius  M. 
Davis,  T.  A.  Worcester,  and  F.  W.  Peek,  Jr.  Method  of  calculating 
the  e.m.f.  distribution  in  a  string  of  suspension  insulators.  Comparison 
of  test  data  with  results  calculated  by  the  Peek  formulas.  Effect  of 
ground  wire  on  strength  of  transmission  structure.  Inherent  self  pro- 
tective characteristics  of  a.c.  railway  circuits.     Care  of  aluminum  d.c. 

'  arrester. 

THE  TRANSIENT  REACTIONS  OF  ALTERNATORS 

William  A.  Durgin  and  R.  H.  Whitehead  Vol.  zxzi— 1912,  pp.  1MT-1C80 

Demonstration  of  the  existence  of  transient  impedance  in  alternators 
and  experimental  study  of  its  effect  upon  the  performance  of 
large  turbo-generators  under  short-circuit  conditions  alone  and 
connected  in  parallel  with  others  to  a  distribution  system,  also,  its 
influence  upon  cross  currents  in  paralleling  such  generators.  Tests 
showing  the  effect  of  external  reactance  and  resistance  on  short-circuit 
currents  and  resulting  torques.     Results  plotted  as  curves. 

Discussion,  including  that  of  paper  by  A.  B.  Field  on  "  Operating 
Characteristics  of  Large  Turbo-Generators,*'  pp.  1681-1693,  by  Messrs. 
H.  M.  Hobart,  B.  G.  Lamme,  P.  M.  Lincoln,  Henry  G.  Reist,  Comfort 
A.  Adams,  A.  B.  Field,  Sanford  A.  Moss,  H.  R.  Woodrow,  W.  L.  Walters 
and  William  A.  Durgin.  Relative  advantages  of  external  and  self-con- 
tained blowers  for  cooling  of  turbo-alternators.  Desirability  of  cleaning 
air  for  cooling  purposes.  Use  of  dampers  to  prevent  potential  rises  in 
the  field  circuit  caused  by  short-circuits.  Calculation  of  maximum 
torques  under  short-circuit.  Value  of  external  resistance  in  protecting 
turbo-alternators. 

LOCALIZERS,  SUPPRESSORS,  AND  EXPERIMENTS 
E.  E.  F.  Creighton  and  J.  T.  Whittlesey  Vol.  xzzi— 1913,  pp.  1881-1910 

Experimental  study  of  effect  of  grounding  upon  e.m.fs.  in  three-phase 
system,  followed  by  oscillographic  tests  made  to  determine  the  applica" 
bility  of  localizers  and  arcing  ground  suppressors  to  the  distribution 
systems  of  the  Public  Service  Electric  Company  of  New  Jersey.  Detailed 
discussion  of  oscillograms  of  current  and  e.m.f.  in  the  system  under  various 
grounding  conditions.  Charts  of  insulation  resistance  of  system  of  under- 
ground   and    overhead    conductors    under    various    weather^  conditions. 

Discussion,  incorporated  with  that  of  paper  by  L.  L.  Elden  on  "  Relay 
Protective  Systems." 
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RELAY  PROTECTIVE  SYSTEMS    • 
L.  L.  Elden  Vol.  zxxi— 1912,  pp.  1911-19S1 

Review  of  present  practice  in  the  use  of  balanced  protective  relays, 
based  on  the  Merz- Price  (England)  systems  as  applied  to  high-tension 
a.c.  distribution  system.  Typical  installation  of  the  system  also  brief 
description  of  similar  system  by  Hdchstftdter  in  Cologne  and  Faye- 
Hansen  and  Harlow  in  England. 

Discussion,  including  that  of  paper  by  E.  E.  F.  Creighton  and  J.  T. 
Whittlesey  on  '*  Localizers,  Suppressors,  and  Experiments,"  pp.  1932-1935 
by  Messrs.  D.  W.  Roper,  Harold  Osborn,  L.  C.  Nicholson,  E  E.  F. 
Creighton,  L.  L.  Elden  and  L.  N.  Crichton. 

THE  USE  OF  REACTANCE  IN  TRANSFORMERS 
W.  S.  Moody  Vol.  zzzi— 1912.  pp.  2016-2022 

Analytical  discussion  of  transformer  design  with  reference  to  the  pro- 
duction of  high  internal  reactance.  Description  of  magnetic  shunt 
method  of  transformer  construction.  Effect  of  high  internal  reactance 
on  mechanical  stresses. 

Discussion,  incorporated  with  that  of  paper  by  Malcolm  MacLaren 
on  "  The  Effect  of  Temperature  Upon  the  Hysteresis  Loss  in  Sheet  Steel." 


16.  DISTRIBUTION  SYSTEMS 

SOME  FEATURES  OP  THE  OUTDOOR  ELECTRICAL  INSTALLATION 
F.  C.  Green  Vol.  zzzi— 1912,  pp.  222-227 

Brief  description  of  the  requirements  of  apparatus  for  outdoor  substa- 
tions. List  of  transformers  now  in  operation.  Data  on  moisture  con- 
tained in  air,  effect  of  heat  on  insulation  strength  of  oil,  etc. 

No  discussion. 

PRACTICAL  JOINT  POLE  CONSTRUCTION 
J.  E.   Macdonald  Vol.  zzzi— 1912,  pp.  491-MO 

Description  of  the  Los  Angeles  system  of  joint  pole  construction  and 
operation.  Outline  of  joint  agreement  between  operating  companies. 
Illustrations  of  different  types  of  construction. 

Discussion,  pp.  501-608,  by  Messrs.  A.  H.  Griswold,  L.  B.  Cramer, 
Gano  Dunn,  O.  B.  Coldwell,  S.  J.  Lisberger,  H.  R.  Wakeman,  J.  B.  Fisken 
and  J.  E.  MacDonald.  Further  particulars  of  the  Los  Angeles  systems, 
fixing  of  liability,  schedule  of  pole  share  distribution,  tree  trimming, 
pole  line  easements. 

NOTES  ON  UNDERGROUND  CONDUITS  AND  CABLES 
C.   T.    Mosnuw  Vol.  zzzi— 1912,  pp.  7M-781 

Exhaustive  experimental  investigation  of  a  certain  underground  con- 
duit single-conductor  alternating-current  installation  to  determine  the 
temperature  distribution  in  the  conduit  ducts  and  cables  under  various 
conditions  of  ventilation  and  load.     Results  plotted  in  the  form  of  curves. 

Discussion,  pp.  782-809,  by  Messrs.  A.  E.  Kennelly,  L.  L.  Elden, 
William  L.  Puffer,  William  Clark,  E.  N.  Lake,  G.  A.  Burnham,  David 
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Harrington,  George  W.  Palmer,  Jr.,  Philip  Torchio,  C.  T.  Mosman,  and 
R.  W.  Atkinson.  Generalization  of  author's  results.  Results  of  other 
tests  on  the  heating  and  carrying  capacity  of  underground  cables.  Prac- 
tice of  various  central  stations  in  underground  cable  operation.  Ven- 
tilation of  conduits.  Observed  sheath  currents,  e.m.fs  and  losses. 
Calculation  of  induced  current  and  e.m.f.  in  lead  sheath  of  single-conductor 
cables. 

PRSQUBNCT 
D.  B.  Rushmore  Vol.  mi— 1911.  99.  •M-tTt 

Comprehensive  review  of  the  quantitative  relations  between  frequency 
and  the  operative  characteristics  of  electrical  apparatus  and  distribution 
circuits  showing  the  difficulty  of  fixing  a  universal  standard  frequency 
for  commercial  circuits.  The  effect  of  frequencies  upon  the  design  and 
operation  of  electrical  systems  as  to  cost  and  satisfactory  service. 
Table  of  frequencies  used  is  various  typical  systems  covering  central 
stations,  railways  and  many  industrial  plants. 

Discussion,  pp.  973-984,  by  Messrs.  Samuel  Sheldon,  John  J.  Prank, 
B.  G.  Lamme,  G.  H.  Stickney,  W.  J.  Foster,  H.  R.  Summerhayes,  Charles 
F.  Scott,  N.  J.  Neall.  J.  R.  Werth  and 'E.  A.  Lof.  Effect  of  frequency 
upon  the  design  and  operation  of  transformers.  Historical  r6sum6  of 
commercial  practice  in  the  choice  of  frequency  and  discussion  of  the 
reasons  therefor.  Performance  of  lamps  on  low  frequency.  Method 
of  choosing  between  25  and  60  cycles  in  generator  design. 

MOTOR  STARTING  CURRENTS  AS  AFFECTING  LARGE  TRANSMISSION 

SYSTEMS 
P.  M.  Lincoln  Vol.  zzzi— 1912.  pp.  1T89-1800 

Reason  for  limiting  the  size  of  motors  connected  to  a  given  system. 
Account  of  extensive  investigation  of  starting  conditions  found  in  a  certain 
system  where  a  number  of  cotton  mills  are  connected  to  a  transmission 
net  work.  Recording  wattmeter  records  on  mills  and  transmission  line. 
Starting  data  on  different  types  and  sizes  of  induction  motors. 

Discussion,  including  that  of  paper  by  H.  M.  Hobart  and  E.  Knowlton 
on  "  The  Squirrel-Cage  Induction  Generator  "  and  W.  J.  Branson  on 
"  Single-Phase  Induction  Motors,"  pp.  1801-1810  by  Lee  Hagood, 
Comfort  A.  Adams,  E.  F.  W.  Alexanderson,  Lester  McKenney,  H.  M. 
Hobart,  E.  Knowlton  and  W.  L.  Waters.  Use  of  synchronous  condenser 
in  connection  with  a  system  fed  by  induction  generators  and  synchronous 
generators,  operating  in  parallel.  General  remarks  on  calculation  of 
core  losses  and  eddv  currents  in  induction  generators. 


16.  CONTROL,  REGULATION  AND  SWITCHING 

ECONOMIES  IV  RAILWAY  OPERATION 
F.  E.  Wynne  VoL  zzzi— 1911,  pp.  MS-tS9 

Analytical  discussion  of  the  effects  produced  by  various  factors  in- 
volved in  the  reduction  of  dead  weight  and  energy  consumption.  Selec- 
tion of  gear  ratio^and  armature  speed  for  given  service.    Relative  merits 
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of  field  control  and  standard  series  rheostat  method,  substantiated  by 
tests. 

No  discussion. 

SOMB  FEATURES  OP  THE  OUTDOOR  ELECTRICAL  INSTALLATION 
P.  C.  Green  Vol.  mi— 1912,  pp.  SSS-S17 

Brief  description  of  the  requirements  of  apparatus  for  outdoor  sub- 
stations. List  of  transformers  now  in  operation.  Data  on  moisture 
contained  in  air,  effect  of  heat  on  insulation  strength  of  oil,  etc. 

No  discussion. 

ELECTRIC  BRAKING  OP  INDUCTION  MOTORS 
H.  C.  Specht  Vol.  mi— 1912,  pp.  eaT-tiO 

Theoretical,  mathematical  analysis  of  induction  motor  performance 
with  a.c.  and  d.c.  braking.  Development  of  equations  for  design  of  such 
systems. 

Discussion,  pp.  641-643,  by  Messrs.  H.  E.  White,  H.  F.  Stratton, 
Gano  Dunn,  John  C.  Reed,  Clark  S.  Lankton  and  H.  C.  Specht.  Ad- 
vantages of  electric  braking  of  d.c.  motors. 

ELECTRIPICATION  OP  A  REVERSING  MILL  OP  THE  ALGOMA  STEEL  COMPANY 
Bradley  T.  McCormick  Vol.  mi— 1912,  pp.  MS-MS 

Description  of  flywheel  motor-generator  set  and  equipment  for  revers- 
ing mill  plant  giving  general  design  data  for  the  generators,  motors, 
controllers,  etc. 

Discussion,  pp.  653-658,  by  Messrs.  David  Hall,  B.  T.  McCormick, 
Wilfred  Sykes.  R.  A.  Black,  H.  C.  Specht,  R.  B.  Treat  and  H.  W.  Cheney. 
Effect  upon  inertia  of  dividing  units.  European  practise  in  rolling  mill 
drives.     Time  required  to  reverse  Algoma  mill,  test. 

THE  OPERATION  OP  A  LARGE  ELECTRICALLY  DRIVEN  REVERSING  ROLLING 

MILL 
WUfred   Sykes  VoL  mi— 1912,  pp.  M9-M1 

General  description  of  electrically  driven  universal  mill  of  the  Illinois 
Steel  Company.  Detailed  description  of  the  flywheel  motor-generrftor 
plant  and  controlling  equipment  with  design  data,  performance  character- 
istics and  test  results.  Power  required  to  operate  mill  and  load  charac- 
teristics. 

Discussion,  pp.  682-684,  by  Messrs.  R.  A.  Black,  H.  C.  Specht.  R. 
Tschentscher,  James  Farrington,  Bradley  T.  McCormick  and  E.  Fried- 
laender.     Relative  economy  of  two-high  and   three-high  rolling   mills. 

ELECTRICAL  CONTROL  OP  A  LARGE  MINE  HOIST 
H.  W.  Cheney  Vol.  mi— 1912,  pp.  M6-e99 

General  description  of  induction  motor  hoist  in  No.  3  mine  of  the 
Woodward  Iron  Company,  Birmingham,  Alabama.  Detailed  descrip- 
tion of  design  and  performance  of  water  rheostat.  Experimental  data 
for  rational  design  of  water  rheostats. 

Discussion,  pp.  700-708,  by  H.  M.  Gassman,  W.  O.  Oschmann,  H.  E. 
White,  Wilfred  Sykes,  F.  L.  Stone,  E.  Friedlaender,  H.  W.  Cheney  and 

M.  A.  Whiting.    Data  on  the  design  of  water  rhwstats;  general  remarks 
^nd  experience  in  thei;  pperation. 
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HUMAN  ACCURACY:  MULTI-RECORDBR  FOR  UOHTNINO  PHBNOMBNA  AHP 

SWITCHING 
B.  B.  F.  Creighton,  H.  B.  Nichols  and  P.  S.  Hosegood        Vol.  zzzi— If  It.  pp.  SM-SM 

Examples  of  unreliability  of  human  impression  when  observer  is  under 
stress  of  excitement.  Use  of  multi-recorder  in  diagnosing  conditions  which 
produce  an  accident.  Description  of  the  construction  and  operation  of 
several  types  of  multi-recorders  which  are  capable  of  recording  the  time 
of  occurrence  of  any  phenomenon  that  can  be  made  to  close  an  electrical 
contact. 

Discussion  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.  on 
"  Electrical  Characteristics  of  the  Suspension  Insulator.*' 

PROPAGATION  OF  IMPULSBS  OVBR  TRANSMISSION  UNB 
J.  H.  Cnnningham  and  C.  M.  Dayis  Vol.  mi — lilt,  pp.  8tT-Mt 

Description  and  analysis  of  tests  on  artificial  transmission  line  to  de- 
termine the  e.m.f.  and  current  impulses  traveling  along  the  line  when 
switching  under  various  conditions. 

Discussion  incorporated  with  that  of  paper  by  F.  W.  Peek,  Jr.  on 
**  Electrical  Characteristics  of  the  Suspension  Insulator." 

BZCITATION  OF  ALTBRNATING-CURRBNT  GBNBRATORS 
D.  B.  Rnshmore  Vol.  zzxi— If  U,  pp.  1841-ltT« 

Excitation  requirements  of  alternators  and  characteristics  of  various 
types  of  exciters.  Brief  description  of  different  methods  of  alternator 
excitation  and  voltage  regtdation.  Circuit  diagrams  and  principles  of 
operation  of  various  types  of  voltage  regulators,  including  the  booster 
system  and  systems  developed  by  Tirrill,  Thury  and  Chapman.  Choice 
of  exciter  arrangements  together  with  collection  of  circuit  diagrams, 
showing  typical  arrangements  used  in  modern  practise. 

Discussion,  pp.  1877-1880  by  Messrs.  B.  G.  Lamme,  H.  M.  Hobart,  J. 
Lester  Woodbridge,  E.  A.  Lof,  and  Lester  McKenney.  General  re- 
marks on  the  choice  of  excitation  system. 

THB  RUNAWAY  SPEBD  OF  WATBRWHBELS  AND  ITS  BFFBCT  ON  CONNBCTBD 

ROTARY  MACHINBRY 
Daniel  W.  Mead  Vol.  zzzi— If  U.  pp.  If  S7-1»M 

Elementary  principles  for  turbine  governing  followed  by  brief  review  of 
the  hydraulics  of  impulse  and  reaction  wheels  with  special  reference, 
to  the  determination  of  the  runaway  speed.  Practical  example  of  cal- 
culation. Fundamental  data  given  for  various  commercial  types  of 
impulse  and  reaction  wheels. 

No  discussion. 

THB  ECONOMICAL  SPBBD  CONTROL  OF  ALTBRNATING-CURRBNT  MOTORS 

DRIVING  ROLUNG  MILLS 
F.  W.  Meyer  and  Wilfred  Sykea  Vol.  zxxi^lf  U.  pp.  t0e7-S0tl 

Classification  of  speed  requirements  of  rolling  mills  followed  by  analy- 
tical discussion  of  various  methods  of  induction  motor  control  including 
rheostatic,  multi- winding,  cascade,  and  regulating  machines  of  various 
types,  with  special  reference  to  the  last  named.     Late  developments  in 
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the  use  of  frequency  changers  as  regulating  machines,  three-phase  commu- 
tator motors  for  direct  drive. 

Discussion t  including  that  of  paper  by  Wilfred  Sykes  on  '*  Power 
Requirements  of  Rolling  Mills,"  pp.  2096-2120  by  Messrs.  John  M.  Hippie, 
J.  H.  Wilson,  Selby  Haar,  Edward  J.  Cheney,  Bayse  N.  Westcott, 
David  M.  Petty,  Fred  Bickford  Crosby,  L.  T.  Robinson,  H.  L.  Barnholdt, 
G.  E.  Stoltz,  Wilfred  Sykes  and  Ford  W.  Harris.  General  remarks  and 
experience  in  the  choice  of  motor  equipments  for  rolling  mill  drives. 
Method  of  testing  steam  driven  mills.  Relative  merits  of  different 
methods  of  speed  control.     Notes  on  recording  instruments  for  tests. 

17.  TRACTION 

CBHTRAL  STATION  ELBCTRIC  POWER  FOR  RAILROAD  OPERATION 
Frederick  DarUncton  Vol.'zzzi— IflS,  pp.  et-Tf 

Advantages  of  electric  energy  over  steam  in  railway  operation.  Rea- 
sons for  purchasing  electric  energy  from  central  stations.  Gain  in  econ- 
omy due  to  large  mixed  loads. 

Discussion t  incorporated  with  paper  by  George  I.  Rhodes  on  "A 
Method  of  Studying  Power  Costs  with  Reference  to  the  Load  Curve  and 
Overload  Economies." 

RELATIVE  COSTS  AND  OPERATING  EFFICIENCIES  OF  POLYPHASE  AND 

SINGLE-PHASE  GENERATING  AND  TRANSMITTING  SYSTEMS 

H.  M.  Hobart  VoL  zzxi— If  U,  pp.  116-147 

Details  and  comprehensive  analysis  of  the  cost  of  producing  electric 
energy,  transmitting  it  and  delivering  it  to  the  working  conductors  of  a 
railway  system,  by  the  straight  single-phase  system,  and  by  the  three- 
phase  synchronous  converter  substation  system. 

Discussion,  pp.  142-166,  by  Messrs.  W.  C.  Smith,  C.  M.  Green,  H.  M. 
Hobart,  B.  A.  Behrend,  Dugald  C.  Jackson,  A.  E.  Kennelly,  C.  T.  Mos- 
man,  W.  S.  Murray,  Edgar  Knowlton,  John  B.  Sparks  and  Roger  T.  Smith. 
Relative  merits  of  single-phase  and  d.c.  railway  systems.  Costs  and 
efficiencies  from  actual  practise. 

ECONOMIES  IN  RAILWAY  OPERATION 
F.    E.    Wynne  Vol.  z±xi— If  IS,  pp.  S0S-tS9 

Analytical  discussion  of  the  effects  produced  by  various  factors  involved 
in  the  reduction  of  dead  weight  and  energy  consumption.  Selection  of 
gear  ratio  and  armature  speed  for  given  service.  Relative  merits  of 
field  control  and  standard  series  rheostat  method,  substantiated  by  tests. 

No  discussion. 

THE  RELATION  OF  CENTRAL  STATION  GENERATION  TO  RAILWAY 

ELECTRIFICATION 
Samuel  Instill  VoL  zxxi— 1912,  pp.  SS1-S81 

Comprehensive  analytical  discussion  of  the  advantages  and  savings 
to  be  derived  by  combining  all  electrical  power  plants  in  Greater  New  York 
into  one  unified  system.  Results  attained  by  unification  in  Chicago 
compared  with  group  systems  in  New  York  and  Boston.     Load  curves 
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and  characteristics  of  different  classes  of  service  in  New  York,  Boston 
and  Chicago.  Much  well-digested,  statistical  information  on  industrial 
power,  lighting  and  railway  service.  Appendix  on  power  requirements  of 
Chicago  electrified  steam  roads,  showing  saving  of  unified  energy  supply 
over  in<lepcndent  group  system. 

Discussion,  pp.  283-322,  by  Messrs.  John  W.  Lieb,  Jr.,  Dugald  C. 
Jackson,  Charles  P.  Steinmetz,  Lewis  B.  Still  well,  Benjamin  F.  Wood. 
Cary  T.  Hutchinson,  Bion  J.  Arnold,  Samuel  Insull,  Frank  J.  Spraguc, 
Hans  Lippelt,  William  McClellan,  Percy  H.  Thomas,  W.  G.  Carlton, 
Calvert  Townley,  S.  D.  Sprong,  W.  S.  Lee,  William  B.  Jackson, 
Lee  H.  Parker,  C.  O.  Mailloux,  P.  W.  Sothman,  C.  L.  de  Muralt, 
N.  W.  Storer  and  Edward  N.  Lake.  General  remarks  on  feasibility  and 
desirability  of  supplying  electric  railways  from  unified  systems  of  electric 
energy  production.  Advantages  of  unified  system  in  organization,  econ- 
omy and  favorable  operating  conditions.  Defense  of  separate  power 
plants  for  railways. 

FREIGHT  TRAIN  TESTS  ON  AN  ELECTRIC  INTERURBAN  RAILWAY 
S.  T.  Dodd  Vol.  3CDd— If  U,  pp.  1001-lOlT 

General  description  of  the  electric  freight  equipment  of  the  Fort  Dodge, 
Des  Moines  and  Southern  Railway,  followed  by  an  account  of  the  method 
and  restdts  of  tests  made  to  determine  the  power  and  energy  requirements 
of  freight  trains  under  regular  service  conditions.  Graphic  and  tabular 
records  of  results. 

No  discussion. 

ELECTROLYTIC  CORROSION  OF  IRON  BY  DIRECT  CURRENT  IN  STREET  SOIL 
Albert  F.  Ganz  Vol.  zzzi— If  IS,  pp.  lltT-llTC 

Experimental  investigation  of  the  relative  corrosion  of  different  kinds 
of  iron  in  two  typical  street  soils.  Comparison  of  actual  electrolytic 
corrosion  with  that  calculated  by  Faraday's  law. 

Discussion,  pp.  1177-1178,  by  Messrs.  Carl  Hering,  Edward  B.  Rosa, 
Irving  Langmuir,  C.  H.  Sharp  and  Albert  F.  Ganz.  Corrosion  of  iron 
in  cinders.     Voltage  of  electrolytic  corrosion  of  iron. 

MEASURING  STRAY  CURRENTS  IN  UNDERGROUND  PIPES 
Carl  Hering  Vol.  zxzi— 1912,  pp.  1449-14M 

Description  and  theory  of  several  methods  of  measuring  the  current 
into  or  out  of  an  underground  pipe. 

Discussion,  pp.  1464-1482,  by  Messrs.  Albert  F.  Ganz,  Edwin  F.  North- 
rup,  George  F.  Sever,  Edward  B.  Rosa,  Alexander  Maxwell,  Frank 
Wenner,  Clayton  H.  Sharp  and  Carl  Hering.  Description  of  numerous 
methods  of  measuring  current  and  resistance  of  underground  pipes  or 
similar   circuits.     Haber's  earth   ammeter. 

18.  LIGHTING  AND  LAMPS 

ARC  VS.  TUNGSTEN  STREET-LIGHTING  IN  SMALL  TOWNS 
C.  E.  Stephens  Vol.  mi— If  IS,  pp.  SM-^M 

General  analysis  of  street  lighting  problems.  Classification  of  streets 
for  illuminating  purposes.  Requirements  of  street  lighting  design, 
operation  and  maintenance. 
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Discussion,  pp.  352-363,  by  Messrs.  Gano  Dunn,  S.  C.  Lindsay,  P.  H. 
Murphy,  A.  A.  Miller,  H.  M.  Friendly,  G.  R.  Cooley,  W.  A.  Hillebrand, 
R.  Howes,  George  H.  Sampson,  J.  B.  Fisken,  Alexander  Martin,  O.  B. 
Coldwell,  Lloyd  D.  Gilbert  and  A.  G.  Jones.  Defense  of  tungsten  lamp 
for  street  lighting. 

FREQUENCY 
D.   B.   Rushmore  Vol.  Z3ai  1912,  pp.  f5f-f7a 

Comprehensive  review  of  the  quantitative  relations  between  frequency 
and  the  operative  characteristics  of  electrical  apparatus  and  distribution 
circuits  showing  the  difficulty  of  fixing  a  universal  standard  frequency 
for  commercial  circuits.  The  effect  of  frequencies  upon  the  design  and 
operation  of  electrical  systems  as  to  cost  and  satisfactory  service.  Table 
of  frequencies  used  in  various  typical  systems  covering  central  stations, 
railways  and  many  industrial  plants. 

Discussion^  pp.  973-984,  by  Messrs.  Samuel  Sheldon,  John  J.  Frank, 

B.  G.  Lamme,  G.  H.  Stickney,  W.  J.  Foster,  H.  R.  Summerhayes,  Charles 
P.  Scott,  N.  J.  Neall,  J.  R.  Worth  and  E.  A.  Lof.  Effect  of  frequency 
upon  the  design  and  operation  of  transformers.  Historical  r^um^  of 
commercial  practise  in  the  choice  of  frequency  and  discussion  of  the  rea- 
sons therefor.  Performance  of  lamps  on  low  frequency.  Method  of 
choosing  between  25  and  60  cycles  in  generator  design. 

VACUA 
W.  R.  Whitney  Vol.  vad— 191%,  pp.  iaOT-iai« 

Improvement  of  vacuum  by  condensing  vapors.  Blackening  of  inside 
of  vacuum  tubes  and  lamp  bulbs.  Edison  effect.  Crookes  radiometer 
for  measuring  pressure  in  a  vacuum.  Effect  of  temperature  on  life 
of  vacuum  lamps. 

Discussion,  pp.  1217,  by  Messrs.  W.  R.  Whitney  and  Alfred  H.  Cowles. 
Gases  held  within  glass  containers. 

MBTALUC  TUNGSTEN  AND  SOME  OF  ITS  APPUCATIONS 
W.  D.  Coolidge  Vol.  xzzi->lf  IS,  pp.  1219-1118 

Properties  of  wrought  tungsten  and  commercial  uses  to  which  it  is 
being  put. 

Discussion  incorporated  with  that  of  paper  by  Irving  Langmuir  on 
**  The  Convection  and  Conduction  of  Heat  in  Gases." 

INDUSTRIAL  ILLUMINATION  AND  THE  AVERAGE  PERFORMANCE  OF 

UOHTING  SYSTEMS 

C.  B.  CleweU  VoL  xxzi— 1911,  pp.  1157-1171 

General  discussion  of  design  of  industrial  lighting  systems.  Organiza- 
tion and  arrangement  of  lighting  data  for  easy  reference.  Design  and 
test  data  from  actual  installations.  Detailed  study  of  depreciation  of 
illumination  due  to  dirt.  Relation  between  lighting  cost  and  labor 
cost. 

Discussion,  incorporated  with  that  of  paper  by  Bassett  Jones,  Jr., 
on  "  The  Problems  of  Interior  Illumination. 
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THB  PROBLEMS  OF  INTERIOR  ILLUMINATION 
Bauett  Jones,  Jr.  Vol.  xzzi->lf  U,  pp.  ISTS-ISM 

Descriptive  analysis  of  the  problem  of  interior  lighting,  being  a  discus- 
sion of  the  various  factors  that  should  be  considered  in  the  design  of  light- 
ing systems  wherever  the  aesthetic  side  is  concerned.  Outline  of  the 
method  of  procedure  in  such  designs,  followed  by  recital  of  actual  course 
pursued  in  the  design  of  the  lighting  system  for  a  large  banking  room. 

Discussion,  including  that  of  paper  by  C.  E.  Clewell  on  "  Industrial 
Illumination  and  the  Average  Performance  of  Lighting  Systems,'*  pp.  1293- 
1307,  by  Messrs.  D.  McFarlan  Moore,  Preston  S.  Millar,  Charles  F.  Scott, 
A.  E.  Kennelly,  E.  B.  Rowe,  C.  E.  Clewell,  Clayton  H.  Sharp,  F.  C.  Cald- 
well. G.  H.  Stickney,  William  J.  Hammer,  E.  A.  Champlin,  M.  Luckiesh, 
Roscoe  Scott  and  Bassett  Jones,  Jr.  General  comments  on  industrial 
and  aesthetic  lighting.  Depreciation  of  illumination.  Method  of  figur- 
ing the  labor  saving  due  to  improved  lighting  in  factories.  Daylight 
vs.  artificial  light  for  lighting  purposes. 

BLBCTRICAL  MEASURBBiSNTS  WITH  SPECIAL  RBPBRBNCB  TO  LAMP  TESTING 
Byan.  J.  Edwards  Vol.  zzzi— If  U.  pp.  1117-lMI 

Accuracy  attained  in  commercial  lamp  testing.  Description  of  lab- 
oratory  standard   a.c.   voltmeter. 

Discussion  incorporated  with  that  of  paper  by  T.  H.  Amrine  on  "  In- 
candescent Lamps  as  Resistances." 

INCANDESCENT  LAMPS  AS  RESISTANCES 
T.  H.  Amrine  Vol.  xxzi— 1912,  pp.  ISSf-lUl 

Resistance  and  resistance-temperature  characteristics  of  various  com- 
mercial, carbon,  tantalum  and  tungsten  filaments.  Use  of  four-lamp 
bridge. 

Discussion,  including  that  of  paper  by  Evan  J.  Edwards  on  *'  Electrical 
Measurements  with  Special  Reference  to  Lamp  Testing,"  pp.  1532-1535, 
by  Messrs.  Clayton  H.  Sharp,  A.  E.  Kennelly,  M.  G.  Lloyd,  Paul  Ma- 
Gahan,  T.  H.  Amrine,  and  Evan  J.  Edwards.  Use  of  Howell  indicator 
in  lamp  testing.  The  tungsten  lamp  as  a  resistor  for  a  contact  making 
voltmeter. 


19.  ELECTRICITY  IN  THE  ARMY  AND  NAVY 

MILITARY  TELEGRAPH  UNES  USING  THE  POLARIZED  SOUNDER  AS  RECEIVING 

INSTRUMENT 

Oeorge  R.  Guild  Vol.  zzxi— If  U,  p9-  14M-144t 

Description  of  single-impulse  induction  telegraph  system  with  special 
reference  to  the  application  of  a  polarized  relay  to  two  systems  devised 
by  the  author.     Many  circuit  diagrams. 

.\o  discussion. 
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20.  MISCELLANEOUS  APPLICATIONS  OF   ELECTRICITY 

CENTRAL  STATION  POWER  IN  COAL  MINES 
W.    A.   Thomas  Vol.  zxzi— If  IS,  pp.  1-14 

Brief  description  of  the  uses  of  electrical  energy  in  coal  mine  operation. 
Description  of  flywheel-equalizer  hoisting  plant.  Analysis  of  energy  re- 
quirements of  coal  mines,  with  regard  to  cost  of  service.  Advantages 
of  central  station  service  to  small  mines.     Rates  charged  for  mine  service. 

No  discussion. 

DIRECT-CURRENT  AND  ALTERNATING-CURRENT  MILL  MOTORS  FOR 

AUXILIARY  DRIVES 
Brent  WUey  Vol.  zzzi— If  IS,  pp.  <Oft-«ll 

Analytical  discussion  of  the  design  requirements  of  d.c.  and  a.c.  motors 
for  steel  mill  service.  Characteristics  of  series  and  compound  d.c.  motors 
and  induction  motors  with  wound  secondary. 

Discussion,  pp.  619-626,  by  Messrs.  Alexander  C.  Lanier,  M.  A.  Whiting 
R.  B.  Treat,  Gano  Dunn,  F.  R.  Fishback,  A.  G.  Ahrens  and  Brent  Wiley. 
General  remarks  on  choice  of  motor  for  steel  mill  auxiliaries,  a.c.  vs.  d.c 
motors.     Method  of  rating  motors  for  intermittent  service. 

ELECTRIFICATION  OF  A  REVERSING  MILL  OF  THE  ALOO MA  STEEL 

COMPANY 
Bradley  T.  McConnick  Vol.  zxzi— If  IS,  pp.  MS-MS 

Description  of  flywheel  motor-generator  set  and  equipment  for  reversing 
mill  plant  giving  general  design  data  for  the  generators,  motors,  control- 
lers, etc. 

Discussion,  pp.  653-658,  by  Messrs.  David  Hall,  B.  T.  McCormick, 
Wilfred  Sykes,  R.  A.  Black,  H.  C.  Specht,  R.  B.  Treat  and  H.  W.  Cheney. 
Effect  upon  inertia  of  dividing  units.  European  practice  in  rolling  mill 
drives.     Time  required  to  reverse  Algoma  mill,  test. 

THE  OPERATION  OF  A  LARGE  ELECTRICALLY  DRIVEN  REVERSING  ROLLING 

MILL 
Wilfred  Sykes  Vol.  mi— If  IS,  pp.  M*-M1 

General  description  of  electrically  driven  universal  mill  of  the  Illinois 
Steel  Company.  Detailed  description  of  the  flywheel  motor-generator 
plant  and  controlling  equipment  with  design  data,  performance  charac- 
teristics and  test  results.  Power  required  to  operate  mill  and  load 
characteristics. 

Discussion,  pp.  682-684,  by  Messrs.  R.  A.  Black,  H.  C.  Specht,  R. 
Tschentscher,  James  Farrington,  Bradley  T.  McCormick  and  E.  Fried- 
laender.     Relative  economy  of   two-high  and  three-high  rolling  mills. 

ELECTRICAL  CONTROL  OF  A  LARGE  MINE  HOIST 
H.  W.  Cheney  Vol.  zzzi— If  IS,  pp.  Mi-f M 

General  description  of  induction  motor  hoist  in  No.  3  mine  of  the  Wood- 
ward Iron  Company,  Birmingham,  Alabama.  Detailed  description  of 
design  and  performance  of  water  rheostat.  Experimental  data  for  rational 
design  of  water  rheostats. 
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Discussion,  pp.  700-708,  by  H.  M.  Gassman,  W.  O.  Oschmann,  H.  E. 
White,  Wilfred  Sykes,  F.  L.  Stone,  E.  Friedlaender,  H.  W.  Cheney  and 
M.  A.  Whiting.  Data  on  the  design  of  water  rheostats,  general  remarks 
and  experience  in  their  operation. 

NOTES  ON  THB  USE  OP  ALTERNATING  CURRENT  IN  UNLOADING    COAL 
W.  N.  Ryerson  and  J.  B.  Crane  Vol.  mi — lilt,  pp.  70t-71S 

Description  of,  and  operation  data  on  several  types  of  coal  dock  unload- 
ing plants  in  Duluth-Superior  Harbor.  Load  characteristics  from 
tests.  Rates  and  methods  of  charging  for  central  station  service. 

Discussion,  pp.  723-736,  by  Messrs.  Wilfred  Sykes,  C.  T.  Henderson, 

E.  Friedlaender,  R.  R.  Selleck,  R.  E.  Hellmund,  Albert  Kingsbury  and 
J.  B.  Crane.  Experience  and  operating  data  on  electric  coal  dock  plants. 
A.c.  vs.  d.c.  dock  equipment.  Cost  of  dynamic  braking.  Overshooting 
of  recording  wattmeters.     Energy  consumption  of  electric  coal  docks. 

DOES  IT  PAT  THE  AVERAGE  COAL  MINE  TO  PURCHASE  CENTRAL  STATION 

l>OWER 
Graham  Bright  VoL  mi->lf  It,  pp.  TST-747 

Detailed  analysis  of  the  cost  of  producing  electric  energy  at  the  coal  mine 
and  cost  of  changing  over  for  central  station  service.  Power  requirements 
of  coal  mines.     Cost  data  from  actual  practise  in  coal  mine  power  plants. 

Discussion,  pp.  748-754,  by  Messrs.  E.  D.  Dreyfus,  George  R.  Wood, 
H.  M.  Gassman,  E.  T.  Penrose,  Wilfred  Sykes,  W.  N.  Ryerson,  H.  N. 
Muller,  and  Graham  Bright.  Cost  data  on  energy  production  at  coal 
mines.     Central  station  vs.  independent  plants. 

OZONE:  ITS  PROPERTIES  AND  COMMERCIAL  PRODUCTION 
Milton    W.    Franklin  Vol.  zzzi— If U,  pp.fM-995 

Historical  notes  on  ozone.  Description  of  various  methodsof  ozone  pro- 
duction and  many  of  the  different  types  of  ozonators  that  have  been  de- 
veloped.    Characteristics  and  properties  of  ozone. 

Discussion,  pp.  996-999,  by  Messrs.  C.  E.  Skinner,  Mathew  O.  Troy, 
J.  Lester  Woodbridge,  W.  L.  R.  Emmet  and  Milton  W.  Franklin. 

THIRTY  YEARS*  PROGRESS  IN  THE  ELECTRIC  FURNACE 

F.  A.  J.  FitzGerald  Vol.  zzzi>-lf  IS,  pp.  llTf-1187 

Brief  review  of  early  work  in  the  development  of  arc,  resistance  and 
induction  type  furnaces.  Statement  of  some  of  the  problems  en- 
countered in  furnace  design. 

Discussion,  pp.  1188-1190,  by  Carl  Hering,  Alfred  H.  Cowles,  W.  B. 
Jackson  and  F.  A.  J.  FitzGerald.  Early  work  of  Cowles.  Invention  of 
carborundum  and  siloxygen. 

APPLICATION  OF  ELECTRIC  DRIVE  TO  PAPER  CALENDERS 
E.  C.  Morse  VoL  zzzi— If  U.  pp.  19M-198S 

Detailed  analysis  of  the  operating  characteristics  and  power  require- 
ments of  super-calenders.  Experimental  determination  of  the  various 
factors  that  enter  the  problem  of  drive  selection,  and  discussion  of  relative 
merits  of  different  methods  of  drive.  Brief  notes  on  power  requirements 
of  sheet  calenders  and  platers. 

No  discussion. 
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ELBCTRICITY  ON  THB  FARM 
Putnam  A.  Bates  Vol.  zzzi— 19ia,  pp.  198f-a00S 

Review  of  the  present  state  of  the  art  of  applying  electricity  in  agri- 
cultural undertakings.  Specific  data  from  irrigated  farms,  stock  farms 
and  others  covering  central  station  and  isolated  plant  practise.  Power 
requirements  of  such  enterprises  and  rates  charged  by  central  stations. 
Use  of  storage  batteries. 

Discussion,  pp.  2004-2013  by  Messrs.  J.  D.  Merrifield,  L.  L.  Elden, 
Putnam  A.  Bates,  J.  A.  Moyer,  Sanford,  and  Adolph  Shane. 

POWER  RSQUIREMEHTS  OF  ROLLING  MILLS 
Wilfred  Sykes  Vol.  xzzi— 1913,  pp.  3051-2059 

Analytical  study  of  the  power  requirements  of  rolling  mills  showing 
the  relative  effects  of  factors  such  as  temperature  of  metal,  volume,  method 
and  rate  of  displacement;  etc.  Example  of  calculation  of  power  require- 
ments for  a  mill. 

Discussion,  incorporated  with  that  of  paper  by  F.  W.  Meyer  and  Wilfred 
Sykes  on  **  The  Economical  Speed  Control  of  Alternating- Current  Motors 
Driving  Rolling  Mills." 

THB  ECONOMICAL  SPEBD  CONTROL  OF  ALTERNATING-CURRENT  MOTORS 

DRIVING  ROLLING   MILLS 

F.  W.  Meyer  end  Wilfred  Sykes  Vol.  zzzi— 1919,  pp.  aO«T-9095 

Classification  of  speed  requirements  of  rolling  mills  followed  by  analy- 
tical discussion  of  various  methods  of  inductor  motor  control  including 
rheostatic,  multi- winding,  cascade  and  regulating  machines  of  various 
types  with  special  reference  to  the  last  named.  Late  developments  in 
the  use  of  frequency  changers  as  regulating  machines,  three-phase  commu- 
tator motors  for  direct  drive. 

Discussion,  including  that  of  paper  by  Wilfred  Sykes  on  "  Power  Re- 
quirements of  RoUing  Mills  "  pp.  2096-2120  by  Messrs.  John  M.  Hippie, 
J.  H.  Wilson,  Selby  Haar,  Edward  J.  Cheney,  Bayse  N.  Westcott,  David 
M.   Petty,   Fred   Bickford  Crosby,   L.   T.   Robinson,   H.   L.   Barnholdt, 

G.  E.  Stoltz,  Wilfred  Sykes  and  Ford  W.  Harris.  General  remarks  and 
experience  in  the  choice  of  motor  equipments  for  rolling  mill  drives. 
Method  of  testing  steam  driven  mills.  Relative  merits  of  different 
methods  of  speed  control.     Notes  on  recording  instruments  for  tests. 


21.  TELEPHONY  AND  TELEGRAPHY 

AUTOMATIC  PRIVATB  BRANCH  EXCHANGE  DEVELOPMENT  IN  SAN  FRANCISCO 
Gerald  Dealdn  Vol.  zxzi— 1912,  pp.  S6ft-S9e 

Description  of  advantages  and  mode  of  operation  of  automatic  apart- 
ment house  and  commercial  private  branch  exchanges.  Cost  of  opera- 
tion and  maintenance  compared  with  manual  system  for  the  same  service. 
Cost  and  maintenance  statistics. 

Discussion,  pp.  397-404,  by  Messrs.  H.  M.  Friendly,  Gerald  Deakin 
A.  H.  Griswold,  A.  H.  Dyson,  D.  P.  Fullerton,  R.  W.  Pope,  ^.  ^.  '^v.x'^'v- 
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duff,  W.  Lee  Campbell,  Lloyd  D.  Gilbert  and  Arthur  Bessey  Smith. 
General  remarks  on  operation  of  private  branch  exchanges.  Description 
of  automatic  branch  exchange  connected  to  public  branch  exchange. 

THB   APPLICATION   OF  AUTOMATIC   SBLBCTING   DBVICBS  TO   TBLBPHONB 

MULTIPLB  SWITCHBOARDS 
Alfred  H.  Dyson  Vol.  zzad— If  It,  pp.  4M-41I 

Brief  description  of  modem  manual  multiple  switchboard  followed  by 
automatic  call  distributing  switchboard.  Analysis  of  the  advantages 
and  savings  resulting  from  the  use  of  the  latter  system. 

Discussion^  pp.  420-425,  by  Messrs.  A.  H.  Griswold,  A.  H.  Dyson, 
H.  M.  Friendly,  Gerald  Deakin,  A.  E.  Burghduff,  and  Arthur  Bessey 
Smith.  Advantages  of  automatic  call  or  trafl&c  distributing  system  over 
the  manual  system.  Factors  that  effect  the  efficiency  of  telephone  op- 
erators. 

DBSION  OF  TBLBPHONB  POLB  UNBS  FOR  CONDITIONS  WBST  OF  THB  ROCKY 

MOUNTAINS 
A.  H.  Oriswold  Vol.  zzxi— If  U.  pp.  4ST-44S 

Description  of  weather  conditions  on  Pacific  Coast  and  causes  of  pole 
deterioration.  Properties  of  Western  poles.  Pole  testing  and  apparatus. 
General  instructions  for  pole  line  erection. 

Discussion,  pp.  444-447,  by  Messrs.  H.  Y.  Hall,  Gerald  Deakin,  W.  D. 
A.  Peaslee,  Gano  Dunn,  D.  P.  FuUerton,  P.  M.  Downing,  S.  J.  Lisberger 
and  A.  H.  Griwsold.     Effect  of  concrete  casings  on  butt  rot  of  poles. 

PRACTICAL  JOINT  POLB  CONSTRUCTION 
J.  B.  MacdoiiAld  Vol.  xzzi— If  If,  pp.  4f  1-MO 

Description  of  the  Los  Angeles  system  of  joint  pole  construction  and 
operation.  Outline  of  joint  agreement  between  operating  companies. 
Illustrations  of  different  types  of  construction. 

Discussion,  pp.  501-508,  by  Messrs.  A.  H.  Griswold,  L.  B.  Cramer, 
Gano  Dunn,  O.  B.  Cold  well,  S.  J.  Lisberger,  H.  R.  Wakeman.  J.  B.  Fisken, 
and  J.  E.  Macdonald.  Further  particulars  of  the  Los  Angeles  systems, 
fixing  of  liability,  schedule  of  pole  share  distribution,  tree  trimming, 
pole  line  easements. 

THE  WIRING  OF  LARGE  BUILDINGS  FOR  TELEPHONE  SERVICE 
Frederick  L.  Rhodes  Vol.  zzxi— If II,  pp.  Uf7-lSf4 

Design  and  construction  of  telephone  wiring  for  office  and  loft  buildings, 
hotels  and  apartments.  Actual  examples  giving  cable  layouts  and  general 
data. 

Discussion,  pp.  1395-1396,  by  Messrs.  Edwin  M.  Suprise,  George  K. 
Manson  and  F.  L.  Rhodes. 

THB  VIBRATIONS  OF  TELEPHONE  DIAPHRAGMS 
Charles  F.  Meyer  and  J.  B.  Whitehead  Vol.  zzzi— If U,  pp.  lSfT-14U 

Experimental  study  of  vibrations  of  telephone  receivers  and  transmitters 
at  different  frequencies  and  currents.  Relation  between  frequency, 
current  and  amplitude  of  vibration,  shown  graphically.  Resonance 
curves,  curves  for  receiver  and  transmitter. 
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Discusiion,  pp.  1419-1428,  by  Messrs.  George  D.  Shepardson,  George 
W.  Pierce,  Alan  E.  Flowers,  A.  E.  Kennelly,  John  B.  Taylor,  John  B. 
Whitehead,  Frank  Wenner  and  Charles  F.  Meyer.  Effect  of  temperature 
on  vibration  of  telephone  diaphragms.  Variation  of  inductance  and 
resistance  of  telephone  transmitters  and  receivers  when  vibrating. 

BOUTART  TBLEGRAPH  UNBS  USING  THB  POLARIZED  SOUNDER  AS  RBCEIVINO 

INSTRUMENT 
George  R.  Guild  Vol.  zzzi^lf  IS.  pp.  14if-1448 

Description  of  single  impulse  induction  telegraph  system  with  special 
reference  to  the  application  of  a  polarized  relay  to  two  systems  devised  by 
the  author.     Many  circuit  diagrams. 

No  discussion. 


22.  MISCELLANEOUS  TOPICS  AND  INSTITUTE  AFFAIRS 

THE  DEBT  WE  OWE  TO  HENRT  AS  A  SCIENTIST 
Michael  I.  Pnpin  Vol.  zzzi— 1912,  pp.  1019-1M6 

State  of  electric  science  before  Henry.  Brief  sketch  of  Henry's  achieve- 
ments and  side-lights  on  his  character.  His  true  position  among  the  great 
electrical  scientists. 

No  discussion. 

THB   RELATION   OP   ELECTRICAL  ENGINEERING   TO   OTHER   PROFESSIONS 

President's  Address 
Gano  Donn  Vol.  zzzi— If  It,  pp.  lOtT-lOM 

Definition  of  engineering,  tending  to  show  that  it  is  a  method  rather 
than  an  occupation. 
No  discussion. 

METALLIC  TUNGSTEN  AND  SOME  OP  ITS  APPLICATIONS 
W.  D.  Coolidge  Vol.  zzzi— 1912,  pp.  1319-1221 

Properties  of  wrought  tungsten  and  commercial  uses  to  which  it  is 
being  put. 

Discussion  incorporated  with  that  of  paper  by  Irving  Langmuir  on 
"The  Convection  and  Conduction  of  H^at  in  G:ises." 

CODE  OP  PRINCIPLES  OF  PROFESSIONAL  CONDUCT 

Vol.  zzzi— 1919,  pp.  9997-9990 

REPORT  OF  THB  BOARD   OP  DIRECTORS  FOR  THE  FISCAL  TEAR  ENDING 

APRIL  90,  1919 

Vol.  zzzi— 1919,  pp.  9991-9951 
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Acceleration  characteristics,  centrifugal  pumps 552 

motor-generator  set 554 

motors.     (See  Name  of  Motor), 
various  machines.    (See  Name  of  Ma- 
chine). 

ventilating  fans 552 

railway,  economical 217 

train,  freight  service 1016 

Accuracy,  human  limitations 825  1517 

Acyclic  generators.     (See  Generators). 

Air,  corona  phenomenon.     (Also  see  Corona). 

dielectric  strength,  losses 1051 

disruptive  critical  e.m.f.,  formula 1052 

energy 1082 

definition 1083 

effect  of  density 1060 

gap,  motor,  synchronous,  choice 596 

gradient,  disruptive,  effect  of  conductor  diameter 1056 

density 1054-1059  1060 

pressure 1054 

temperature 1054 

ionization  by  corona 1094 

Algoma  Steel  Co.,  reversing  mill  installation 645 

Ammeters,  electromagnetic,  moving  vane,  losses 1592 

Haber's  earth,  experience 1478 

hot-wire,  characteristics 1591 

losses 1592 

induction,  performance  curves 1575 

temperature  compensation 1605 

theory 1571 

torque  equation 1572 

thermo,  measurement  small  currents 1512 

Amortisseur  winding.     (See  Winding,  squirrel  cage). 

Ampere's  discovery,  date 1019 

Antennae,  use  in  lightning  arresters 814 

Arcing-ground  suppressor  applied  to  cable  system 1933 

use  in  cable  systems 1886 

Arcs  cable,  grounded,  characteristics 1906 

metallic,  current  oscillograms 873  885 

e.m.f.  oscillograms 873  885 

Armature  connections,  double-commutator  generator 668 

construction,  steel  mill  service 606 

flux  distribution.      (See  Flux  Distribution). 

reaction,  drop  in  voltage  due  to  reduction  of  flux 522 

teeth  reluctance 516 

Atmosphere,  moisture  saturation  form  various  temperatures 328 

Auto  transformers.     (See  Transformers). 

Batteries,  primary,  Volta's  discovery,  date 1019 

storage,  use  in  isolated  plant 2006 

with  exciters 1875 

Bearings  requirements  for  rolling  mill  drives - 649 

steel  mill  motors,  design 608 

42 
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Bibliography,  generators,  a.c.  induction,  squirrel  cage 1747 

railroad  electrification 273 

Boilers,  cost 742 

depreciation 101 

fire- proof,  cost,  erected 45 

foundations.     (See  Foundations). 

loss,  classification 82 

scrap  value 744 

Boosters  for  exciter  control 1866 

Braking,  dynamic,  cost 733 

motors,  d.c 641  642 

induction 627 

calculation 631  635 

motors,  a.c,  coal  handling  plants,  cost 723 

dynamic,  cost 723 

Bridge,  four-lamp 1530 

incandescent  lamp  testing 1532 

Brushes,  choice,  generators,  acyclic 1830 

contact  resistance,  high-speed 1822 

generators,  acyclic 1817 

resistance  measurement 1698 

Buildings,  boiler  house,  cost 742 

depreciation 101 

power  plant,  cost 742 

Cables,  bonding,  practice 787 

faults,  predetermination 1900 

heat  dissipation 755 

high-tension,  arcing-ground,  characteristics 1906 

capacity,  conditions  when  grounded 1884 

insulation  resistance    measurements  in  oper- 
ation   1901 

potentials  when  grounded 1883 

induced  current,  calculation ....    806 

e.m.f.,  calculation 806 

lead,  high-frequency  stresses 2139 

one-phase  grounded,  relation  between  e.m.f.  and  resistance.  1898 

power  lost 

in  ground  and  potential  to  ground 1899 

paper-insulatea,  carrying  capacity 803 

reactance,  calciilation ......  806 

resistance,  thermal 805 

rubber-insulated,  carrying  capacity 803 

sheath  currents,  calculation 807 

tests 795 

single-conductor,  bonded,  sheath  currents 777 

loss 777 

temperature  characteristics 778 

distribution  and  insulation  .  778 

three-phase,  potential  equation 1909 

triple-conductor,  sheath  losses 802 

underground,  carrying  capacity 802 

weatherproof,  carrying  capacity  803 

Cambric,  maximum  temperature 756 

thermal  drop 757 

varnished,  maximum  temperature 756 

Capacity,  electric,  parallel  wires,  triangular  arrangement 1115 

Carbon,  resistance- temperature  characteristics 1526 

treated,  resistance-temperature  characteristics 1529 

Carborundum,  discovery 1 184  1 188 

Cars,  baggage,  weight ,  .  276 

day  coaches,  weight 270 

dining,  weight 276 

electric,  choice  of  gear  ratio 211 
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Cars,  electric  (continued) 

dead  weight 204 

mileage 204 

protection 852 

two- motor  vs.  four-motor.  . . ^ 210 

Pullman,  steel,  weight 276 

weight 276 

surburban  trailers,  weight 276 

Cells,  voltaic,  date  of  discovery 1019 

Central  stations,  advantages 76 

over  isolated  plants 59 

frequency  standard 971  972 

rates  (see  Rates) 

Chapman  regulators  (see  Regulators)   

Circuit  breaker,  inventor 193 

diagram,  Alexanderson  alternator 1851 

generators,  a.c.  compensated 1853 

Coal  handling,  bridge  tramway,  power  requirements 717  718 

cable  car,  power  requirements 718 

docks,  a.c.  vs.  d.c.  operation 727-730  734 

bridge  tramway  installation 710 

cable  car  installation 712 

d.c.  vs.  a.c.  operation 727-730  734 

electric,  comparison  of  different  types 716 

machinery,  classification 710 

man  trolley  installation 714 

power  consumption 728-729  735 

requirements 710 

service,  central  station  rates 720 

Duluth- Superior  Harbor 709 

dynamic  braking,  cost 723 

electric  plant,  air  operated  switches,  advantages  . .  724 

man  trolley 719 

maximum  capacity 723 

mines  (see  Mines) 

storage  capacity,  Duluth- Superior  Harbor 709 

Cobalt  hysteresis  at  low  temperature,  tests 2048 

Collector  rings,  generators,  acyclic,  construction 1832 

difficulties 1837 

wear 1834 

high-speed  construction 1832 

wear,  generators,  acyclic 1834 

Colleges,  Land  Grant,  basis  of  organization 1365 

Commutating  pole,  design,  steel  mill  service 607 

Commutators,  contact  resistance,  measurement 1698 

design,  steel  mill  service 606 

speed,  molor-gcnerators 656 

Condenser  charge,  energy  equation 2179 

oscillatory 895 

discharge,  oscillatory 895 

synchronous,  use  with  induction  generators 1802 

tinfoil,  construction 1 135 

Conductance,  thermal,  conver<;ion  factors 1198 

Conductors,  underground  pipes,  current  flow 1450 

Conduits,  construction,  central  station  practice 784 

current  capacity,  effect  of  lightly  loaded  cables 768 

ducts,  temperature  distribution  test 757 

energy  dissipation  per  duct-foot 784 

manhole,  ventilation  test 761 

summer  ratings  compared  with  winter  ratings 786 

temperature  distribution,  tests 771-773  774 

in  ducts,  test 766  767 

effect  of  air  circulation 767 
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Conduits,  temperature  effect  of  (continued) 

lightljr  loaded  cables 768 

forced  ventilation 769 

testing,  method 776 

tests 800 

Boston  Edison 785 

underground,  manhole,  ventilation  test 764 

temperature  distribution,  natural  ventila- 
tion  762  763 

ventilation,  practicability 792  794 

winter  ratings  compared  with  summer  ratings 786 

Contact-e.m.f.,  current  collection,  generators,  acyclic 1822 

Contacts,  tungsten 1222 

Control,  e.m.f.,  effect  of  frequency 983 

speed,  motors,  a.c,  calender  drive 1971  1973 

commutator 2092 

induction,  cascade 2076 

commutating  regulator,  di- 

direct  connected 2079 

commutating       regulator, 

motor  driven 2080 

commutating      regulator, 

number  in  operation  ...  2115 
commutating      regtilator, 
power-factor     compen- 
sation   2081 

frequtincy  changer,   oper- 
ation   2085 

frequency    changer    with 

regulating  transformer.  2084 
frequency    changer   with- 
out    regulating     trans- 
former   20S8 

n-ulti-windinjy 2074 

rheostatic 2112 

d.c.,  calender  drive 1972  1973 

railway,  field  method 220 

saving 223  227 

weight  reduction,  methods 209 

requirements  for  calender  drive 1971 

rolling  mills,  rheostatic,  cost 2073 

method 2071 

Convection,  forced,  Kennelly*s  experiments  compared  with  calcu- 
lation   1237 

free,  Kennelly's  experiments  compared  with  calcula- 
tion   1234 

Converters,  frequency  commercial  speeds 967 

practical  combinations 967 

mercury  arc,  life  of  tube 147 

power-factor 147 

replacement  of  synchronous 147 

tungsten  leading-in- wires 1241 

synchronous,  cost,  effect  of  frequency 968 

design 968 

effect  of  frequency 976 

efficiency .  .  131 

losses 1706 

Copper,  conductivity,  heat 804 

resistivity,  electric 1222 

heat 804 

Corn  production,  various  states 2010 

Corona,  concentric  cylinders,  gradient  formula 1061 

visual,  effect  of  density 1062 
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Corona  {continued) 

critical  e.m.f.,  relation  to  air  density 1054 

disruptive,  formula 1052  1058 

subdivided  conductors 1 106 

visual,  formula 1052  1058 

oil  surface,  formula 1057 

water  surface,  formula 1057 

diameter  measurement 1101 

with  ultra-violet 1 104 

without  ultra-Wolet 1 104 

disruptive  energy,  definition 1084 

effect  of  air  density 1085 

conductor  diameter 1080 

relation  to  air  density 1087 

effect  of  atmospheric  condition 945 

conductor  diameter 1056 

free  ionization 1099 

frequency 961  1055 

oil  surface 1055 

pressure 1054 

surface  finish 1055 

temperature 1054  1060 

water  surface 1055 

e.m.f.,  effect  of  oil  surface,  test 1079 

water  surface,  test 1079 

parallel  wires,  relation  to  spacing,  test 1068 

N^Hre  diameter 1075 

Pee':  formula  compared  with  tests 1047 

formulas,  practical '. 1058 

gradient,  disruptive,  effect  of  temperature 1059 

formula 1058 

spark-over,  relation  to  wire  diameter,  test 1074 

visual,  effect  of  frequency,  formula 1064 

temperature 1059 

fog,  formula 1081 

parallel  wires,  relation  to  spacing  test. . .  1068 

ionization  of  air 1094 

loss 1051 

below  critical  e.m.f.,  formula 1052 

definition 1053 

formula  compared  with  test 1125 

formulas 1043  1086 

law  below  critical  point 1121 

laws 1053 

measurement,  method 1036 

Peek  formula  compared  with  test 1045  1048 

power-factor,  test 1042 

stormy  weather,  formula 1058 

test 1040 

circuit  diagram 1037 

transmission  lines 1035 

different  spacings 1043 

formula 1058 

parallel  conductors,  gradient,  visual,  effect  of  density. .  . .  1062 

quadrilateral  arrangement 1110 

triangular  arrangement 1110 

relation  to  spark-over,  concentric  cyfinders 1065 

parallel  wires 1065 

resistance,  formula 1076 

spark-over  e.m.f..  concentric  cylinders,  relation  to  cylinder 

radius 1077 

parallel  wires,  relation  to  spacing  test. . .  1068 

small  wire,  formula 1076 
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Corona  {continued) 

study  with  stroboscope 1057  1088 

subdivided  conductors HOG 

tests,  oscillograph,  suitable 1049 

visual,  effect  of  frequency 1064 

pressure,  test 1064 

temperature,  test 1063 

Corrosion,  electrolytic,  cast-iron  pipe,  test 1172 

in  soil,  explanation 1 177 

iron  pipe,  street  soil,  test 1168 

iron,  voltage.    1177 

minimum  voltage,  iron  pipe 1175 

steel  pipe,  test 1172 

wrought  iron  pipe,  test 1 172 

iron,  embedded  in  cinders 1177 

Cost,  boilers 742 

fire-tube 45 

houses 742 

setting 742 

water- tube 45 

calenders,  paper 1974 

converters,  synchronous,  effect  of  frequency 968 

energy,  electric,  apartment  house  plant 44 

coal  mine  service 745 

effect  of  load  factor 75  82 

over-load  economy 92 

industrial  plants 44 

isolated  plants 43 

itemized 91 

loft  building  plant 43 

office  building  plant 44 

railway  operation 133 

steam  plants 74 

engines,  conveyor 742 

elevator 742 

fan 742 

gas 45 

hoisting 742 

oU 45 

steam 742 

high-speed 45 

low-speed 45 

medium-speed 45 

feed- water  heaters 742 

foundations 45 

generator,  a.c,  single-phase 115 

three-phase 115 

turbo  induction 1731 

d.c 742 

high-speed 45 

low-speed 45 

effect  of  frequency 958 

heating  apartment  houses 23 

department  stores 25 

hotels 24 

office  building.- 24 

labor,  coal  mine  power  plants 742 

motors 1974 

induction,  10-hp 743 

30-hp 743 

75-hp 743 

250-hp 743 

effect  of  frequency 965 
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Cost  (continued) 

motor-generator,  150  kw 743 

piping,  power  plant 45  742 

poles,  cedar 498 

installation 498 

power  plant,  coal  mines 742 

operation 742 

superintendence 742 

turbo -generator 125 

producers,  gas 45 

pumps,  mine 742 

service,  electric,  apartment  houses 26 

department  stores 26 

hotels 26 

manufacturing  buildings 26 

office  buildings 26 

substations 132 

operation 117 

switchboards 45 

transformers 142 

single-phase 127 

three-phase 127 

three-unit  power  plant  compared  with  two-unit 40 

towers 898 

Cotton  insulation,  maximum  temperature 610 

Cream  separators,  power  requirements 1998 

Crops,  production,  various  states 2010 

Current,  alternating,  measurement,  low  values 1489  1512 

carrying-capacity,  cables,  underground 802 

paper-insulated  cables 803 

ruober-insulated  cables 803 

weatherproof  cables 803 

wires,  calculation 1229 

collection,  difficulties,  generators,  acyclic 1820 

generators,  acyclic 1828 

contact  e.m.f 1828 

surface  speed,  generators,  acyclic 1813 

density,  rheostats,  water 694  702 

measurement,  la  ge  values 1483 

separately  excited  electrodyna- 

mometer 1490  1497 

phase-shifting  transformer,  wave  distortion 1490 

short-circuit  distribution  system,  equations 1670 

generator,  a.c,  intitial  peak  definition 1660 

turbo,  equation' 1664 

intial  peak,  testsl660,  1661 

maximum  equation. . .  1607 

tests 1659 

various  external  react- 
ances   1666 

various  external  resist- 
ances   1669 

momentary,  definition 1649 

stray.     (See  Stray  Currents). 

in  underground  pipe,  measurement 1449 

Dairy  farms,  use  of  electricity 1997 

Dairies,  output  increase  from  vacuum  grooming 2000 

Daylight,  artificial,  production 1302 

Depreciation,  boilers 101 

buildings 101 

machinery 101 

turbines,  steam 101 
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Diaphragms,  circular,  vibration  period,  equation 1398 

free  vibration,  lowest  loads 1409 

Dielectric  energy  equation 2179 

strength,  air.     (See  Air). 

various  materials.     (See  Name  of  Material). 
Disruptive  e.m.f.  for  air.     (See  Air). 

Distribution  cables,  arcing-ground  suppressor,  use 1886 

capacity  current,  one-phase  grounded 1896 

faults,  predetermination 1900 

grounded,  current  and  e.m.f.  oscillograms. . . .  1887 

phase  relation,  oscillograms 1891 

relation  between  e.m.f.  and  resist- 
ance   1898 

high-tension,    capacity     conditions 

when  grounded  1884 
potentials  when 

grounded 1882 

insulation  resistance  measurement 1901 

joint  weaknesses 1909 

three-phase,  potential  equation 1909 

d.c,  efficiency 478 

losses 478 

feeders.     (See  Feeders). 

protection 1919 

high-tension,  efficiency 479 

losses 479 

plant,  losses 482 

ring  system,  protection,  relays 1926 

system,  insulation  resistance,  clear  day 1902 

rainy  day 1904 

showery  day 1903 

motor  load,  restrictions •. 1789 

size  regulation 1807 

protection 1881 

circuit  diagram 178 

interconnected  circuits 1914 

Merz- Price  system,  possibilities. ...  1919 
Public  Service  Elec.  Co.  of  N.  J.,  insulation  re- 
sistance measurement 1901 

short-circuit  current,  equations 1670 

Diversity-factor,  advantage 247 

definition 246 

isolated  plant,  Chicago 241 

light  and  power,  Boston 240 

Chicago 241 

New  York 235 

railroads 302 

3rd  Avenue,  N.  Y.  Railways 237 

Brooklyn  Rapid  Transit 237 

Hudson  &  Manhattan 237 

Interborough  Rapid  Transit 237 

New  York  Central,  electric  zone 238 

New  Haven  &  Hartford,  elec- 
tric zone 238 

Pennsylvania,  electric  zone 238 

steam 238 

Chicago 241 

New  York 235 

railways,  Public  Service  Corporation,  N.  J 237 

street,  Boston 240 

Chicago 241  243 

New  York 235 

Drafting  room,  illumination 481 


50  TOPICAL  INDEX 

Duluth- Superior  Harbor,  coal  handling  plants 709 

Dynamotors,  losses 1706 

Education,  colleges.     (See  Colleges). 

industrial,  Bridgeport  school 1352 

corporation  schools 1335 

functions. .' 1355 

defects  present  methods 1362 

Fitchburg  school ISJiS 

fundamental  requirements 1350 

Government  support,  Alabama 1317 

Arkansas 1317 

California 1317 

Connecticut 1317 

Georgia 1317 

Illinois 1317 

Indiana 1317 

Iowa 1317 

Kansas 1317 

Maine 1317 

Maryland 1317 

Massachusetts 1317 

Michigan 1318 

Minnesota 1318 

Nebraska 1318 

New  Jersey 1318 

New  York 1318 

North  Dakota 1318 

Ohio 1318 

Oregon..: 1318 

Pennsylvania 1318 

Texas 1318 

Utah 1318 

Vermont I3I8 

Virginia 1318 

Wisconsin 1318 

high  schools.  New  York  State 1333 

laws  of  Massachusetts. 1315  1321 

New  York  State  Dept 1331 

Ohio 1362 

organization 1314 

outline  scheme 1319 

Plato's  plan 1361 

public  schools.  New  York 1327 

railroads,  corporation  schools 1340 

Pennsylvania,  telegraph  school. . .  1356 

statistics 1345 

standpoint  of  individual 1359 

uso  off actory  equipment 1357 

Efficiency,  converters,  measurement 1697 

synchronous 131 

curve,  generator,  3000  kw 669 

rolling  raiU  motor 668 

distribution,  high-tension 479 

transformers 481 

dynamotors.  measurement 1697 

electrical    machinery,    calculation,    sum  mat  ion- of -loss 

method 1702 

feeder  regulators 481 

generators 131 

a.c.  turbo,  single-phase 123  157 

three-phase 123  157 

human  losses  in  industry 1350 

input-output  method,  disadvantages 1708 
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Efficiency  (continued) 

lighting,  street,  cluster  system 481 

series  system 484 

measurement,  input-output  method,  accuracy 1709 

vs.  separate  losses  method.  1714 

separate  losses  vs.  input-output  method.  1714 

motor-generator 478 

measurement 1697 

motors,  induction,  1300  h.p '. 670 

commutating  regulator  control 2116 

frequency  changer 2113 

rheostatic  control 2113 

Scherbius  system 2113  2117 

small  size 1785 

measurement 1697 

power  plants,  importance 489 

prime  movers,  formula 104 

rolling  mills,  commutating  regulator 2104 

regulating  motor  control 2073 

reversing 680 

rheostatic  control 2073  2104 

substation 478 

transformers 131 

step-down 477 

step-up 475 

transmission  line 131 

high-tension 476 

turbines,*  water,  Francis  type 474  475 

Pelton  type 474  475 

reaction,  equations 1957 

watthour  meters 478 

Electricity,  state  of  art,  18th  century 1019 

use  on  dairy 2012 

farms 1997 

farms 1985 

stock  farms 1995 

Electrical  engineers.     (See  Engineers). 

Electrodynamometers,  separately  excited,  current  measurement. . .  1490 

sensibility 1497  1498 

tubular 1483 

advantages 1514 

construction 1485 

design  constants 1488 

disadvantages 1514 

performance 1486 

water-cooled,  advantages 1514 

Electromagnet,  discovery,  date 1021 

Electro-physics,  state  of  art,  18th  century 1019 

E.m.f.,  discovery,  date 1019 

electrostatic  voltmeter  with  condensers 1618 

high-frequency,  measurement 2199 

measurements,  electrostatic  voltmeter 2202 

high  frequency 2199 

values 1124  1617 

spark  gap  and  coil,  calibration 1038 

with  spark  gap 2201 

Energy  consumption,  coal  mine  service 740 

railroad,  freight,  Chicago 267 

traffic,  Chicago 267 

increase  due  to  cold 270 

passenger  service,  Chicago 271 

switching  service 268 

total 268 
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Energy  consumption,  railroad  {continued) 

transfer  service 268 

trains,  freight 1010 

switching 101 1 

electric,  cost,  analysis 83 

apartment  house  plant 44 

department  store  plant 45 

effect  of  load 84-85  88 

hardware  manufacturing  plant 44 

hotel   plant 45 

iron  foundry  plant 44 

locomotive  works  plant .^ 44 

loft  building  plant .* 43 

office  building  plant 44 

railroad  operation 133 

power  station 300 

silk  mill  plant 45 

steam  plant 74 

production,  concentration,  advantages 233 

supply,  apartment  houses,  cost 26 

department  stores,  cost 26 

hotels,  cost 26 

manufacturing  buildings,  cost 26 

office  building,  cost 26 

Engineering,  definition 1027 

electrical,  definition 1033 

Engineers,  illuminating,  character  of  work 1274 

occupation,  importance 1028 

ownership  of  data 2228 

relation  to  client 2227 

employer 2227 

fraternity 2229 

public 2229 

successful,  requirements 1032 

Engines,  elevator,  cost 742 

fan,  cost 742 

gas,  cost 45 

spark  plug  polarity 1088 

specific  consumption 66 

hoisting,  cost 742 

oil,  cost 45 

steam,  compound  condensing,  low-speed,  cost 45 

non-condensing,  medium-speed,  cost. . .  45 

cost 742 

indicator,  recording ^ 2108 

scrap  value 744 

simple,  high-speed,  cost 45 

low-speed,  cost 45 

Exciters,  characteristics 1845 

choice  of  number  of  units 1867 

commutating  pole 1877 

characteristics 1847 

compound,  stability 1878 

wound  vs.  shunt 1847 

design 1848 

method  of  driving 1878 

number,  choice 1879 

rating  determination 1847 

saturation  curves 1846 

shunt  vs.  compound-wound 1847 

speed,  practice 1848 

use  of  storage  batteries 1875 

voltage  practice 1848 

range 1877 
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Ethics,  code 2227 

history 2229 

F'ans,  ventilating,  acceleration  characteristics 552 

Farms,  use  of  electricity 1985 

Feedpumps.     (See  Pumps). 

Feed-water  heaters,  cost 742 

Feeders,  protection,  bsdance  relay 1922 

ma^etic  balance   system 1928-1929  1930 

regulators,  efficiency 481 

losses 481 

Filaments,  carbon,  color  at  different  temperatures 1529 

effect  of  temperature  characteristic 1529 

maximum  resistance  in  commercial  lamps 1527 

resistance-candle-power  characteristics 1527 

resistance-efficiency  characteristics 1527 

resistance- temperature  characteristics ,  1526 

tantalum,  color  at  different  temperatures '  1529 

resistance-candle-power  characteristics. . . .  1527 

efficiency  characteristics 1527 

power  characteristics 1527 

temperature  characteristics. .....  1528 

tungsten,  maximum  resistance  in  commercial  lamps. . .  1527 

resistance-candle-power  characteristics 1527 

efficiency  characteristics 1527 

power  characteristics 1527 

temperature  characteristics 1528 

Flour  mills,  frequency  standard 971 

Flux  density,  generators,  a.c,  turbo 1655 

distribution,  armature,  d.c,  brush  position  on  oscillograph  film  51 1 

calculated  curve 521 

effect  of  compensation 518 

slots 526 

Goldsborough's  method 513 

neutral  point  location  on  oscillo- 
graph film 511 

sh3t  with  load 517 

shifted  position 511 

testing  apparatus 512 

machine,  d.c,  calculating  curve 621 

effect  of  slots 526 

Flywhecl-motor-generator  for  reversing  mill  drive 645 

rolling  mills,  general  design 547 

foundations 646 

induction  motor,  performance 670 

inertia  reduction 654 

installation,  wiring  diagram 651 

reversing  mill  drive,  dimensions 672 

energy  return  by  roll  mo- 
tors, test 677 

tests 673 

starting  apparatus,  general  design 650 

Flywheels,  rolling  mills,  disadvantages 2097 

Fort  Dodge,  Des  Moines  &  Southern  Ry.,  freight  service 1001 

map  of  system 1002 

Foundations,  boiler,  cost 742 

cost 45 

flywheel-motor-generator,  reversing  mill  drive 646 

Freight,  tonnage  handled  in  Chicago 272 

Frequency,  a.c.  practice 956 

changers.     (See  Converters). 

commercial  development,  historical  notes 974 

values,  table 971 
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Frequency  (continued) 

effect  on  corona 961 

generator  design 955  980 

induction  motor,  cost 965 

design 964 

lighting 970 

parallel  operation 957 

railway  design 969 

skin  effect 962 

switching 970 

synchronous  converter  design 968  976 

motor,  design 966 

transfonraer  design 958  973 

transmission  line  design 960 

Hertzian  waves 956 

light  rays 956 

lighting  system,  choice 978 

lightning 963 

measurement 1595 

high  values 2212 

with  power-factor  meter 1603 

meters.     (See  Meters). 

natural,  transmission  lines 961 

sound,  highest  audible 956 

lowest  audible 956 

standard,  cement  mills 972 

central  statiohs 971 

flour  mills 971 

mines 971 

paper  mills 971 

railways 971 

steel  mills 971 

transmission  systems 971 

standardization 955 

historical  notes 974 

ultra-violet  rays 956 

wireless  telegraph 956 

x-ray 956 

Furnaces,  electric,  arc,  inventor 1 179 

carbon  electrodes,  improvements 1181 

design  features 1 182 

earliest  type 1 179 

induction  type,  invention 1 183 

inventor 1 179 

resistance  type,  invention 1183 

tungsten- wound 1226 

Galvanometer,  differential  for  watthour  meter  test 1552 

vibration,  characteristics 1250 

design 1245 

energy  efficiency 1243 

phase-angle  equations 1253 

sensitivity 1244 

calculations 1246 

(jcncralor,  a.c,  characteristics,  effect  of  excitation .  1842 

compensated,  circuit  diagram 1853 

oomposite-wound 1852 

e.m.i.  equation 1842 

excitation,  booster  system '.  .  .  .  1866 

capacity 1846 

effect  of  power-factor 1844 

layout 1868 

problem 1841 

range 1845 

i 
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Generator,  a.c.  {continued) 

high-speed,  limiting  capacity 152 

induction,  connection  diagram 1724  1725 

design 1721 

for  interconnection  of  small  water  pow- 
ers   1745 

power-factor,  variation  with  air  gap.. .  .  1733 

squirrel  cage,  bibliography 1747 

stator  windings 1722 

use  with  synchronous  condensers 1802 

leakage  reactances,  discussion 1684 

losses 1705 

saturation  curves 1843 

self-exciting,  Alexanderson  type 1850 

short-circuit  current,  external  resistance,  advan- 
tage   1691 

initial  peak,  definition 1665 

test,  equations 1687 

torque  absorbed  by  rotor 1683 

equation 1692 

various  resistances 1688 

single-phase,  cost  compared  with  three-phase 115 

three-phase  cost  compared  with  single-phase 115 

turbo,  critical  speed,  choice 1744 

dampers,  effect 1682 

losses 1806 

induction,  cost  various  power-factors 1731 

losses,  test 1740 

rotor  construction 1727  1734 

stator  construction 1734 

tooth  ripples,  test 1737 

use 1741 

ventilation 1743 

vs.  synchronous 1727  1742 

losses,  test 1740 

modern  practice 1645 

reactance  test 1662 

regulation,  cost 1653 

short-circuit  current,  equations 1664 

initial  peak,  tests.  1660  1661 
various    external    re- 
actances   1666 

various    external    re- 
sistances   1669 

end  turn  stresses 1676 

various  ex  - 
ternal  react- 
ances   1676 

maximum  equation 1657 

momentary  current,  definition.  1649 

value 1652 

performance 1647 

tests 1659 

torque  absorbed  by  rotor 1683 

calculation 1687 

equation 1673  1692 

maximum,  equation 1657 

test 1675 

various  values  of  react- 
ances   1675 

values  of  resist- 
ances   1675 
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Generator,  a.c,  turbo  {continued) 

single-phase  design   compared    with    three- 
phase 119 

efficiency 123  157 

losses 123  157 

speeds 1645 

synchronous  rotor  construction 1727 

three- phase  design  compared   with   single- 
phase 1 19 

efl&iency 123  157 

losses 123  157 

transient  reactance,  test 1662 

winding  pitch-factor 1843 

acyclic,  2000  kw.,  construction 1814 

construction 1812 

design 1813  1836 

early  construction 1839 

peripheral  speed 1813 

saturation  curves 1818 

belted,  sctiap  value 744 

cost,  effect  of  frequency 958 

d.c,  belt-connected 45 

commutating  pole,  losses 1705 

cost 742 

direct-connected,  low-speed,  cost 45 

double-commutator,  6400-kw 669 

high-speed,  direct-connected 45 

losses 1705 

design,  frequency  effect 980 

efficiency 131 

e.m.f.,  formula 955 

flux  distribution.     (See  Flux  Distribution). 

frequency,  effect  on  cost 958 

insulation.     (See  Insulation). 

losses.     (See  Losses). 

parallel  operations.     (See  Parallel  Operation). 

protection,  American  practice 191 1 

balance  relay 1922 

relay  characteristic 176 

rating.     (Sec  Rating). 

unipolar.     (Sec  Generators,  acyclic). 

ventilation.     (See  Ventilation). 

Glass  advantages  for  high-tension  insulators 2196 

(jlobes,  dirty,  light  absorption 359 

Ground  wire,  strenghtening  effect 933  952 

Heat  conductivity,  various  materials.     (See  name  of  Material). 

flow,  laws 1 193 

Ohm's  law 1194 

Heating,  apartment  house,  cost 23 

building,  effect  of  ventilation  design 20 

department  stores,  cost 25 

generators,  turbo,  loss  per  degree  rise 1739 

hotels,  cost 24 

office  buildings,  cost 24 

Henry  as  a  scientist 1019 

Hoist,  a.c,  limit  switches,  uselcssness 701 

mine,  electrical  cf)ntrol 685 

connections 689 

installation,  layout 690 

power  test ' 698 

Hoist ing,  flywheel-equalizer  plan 5 

favorable  conditions 8 

Hot-wire  instruments.     (See  Instruments). 
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Hysteresis  loops  at  non- magnetic  temperature 2028 

measurement,  high-temperatures*  method 2026 

non-magnetic  temperature 2031-2032  2033 

loss  at  various  temperatures 2029 

sheet  steel,  eflFect  of  temperature 2025 

test,  armature  in  place 524 

various  materials  at  high  temperature,  tests 2048 

low  temperature,  tests 2048 

Ice  load  on  transmission  lines 900 

Ilgner  system.     (See  Flywheel-motor-generator). 

Illinois  Steel  Co.,  reversing  mill,  performance  test 673 

rolling  mill  installation,  description. .  .  659 

Illumination,  drafting  room 1301 

Impedance  coils,  construction 1134 

Inductance,  coils  in  slots 533 

Induction,  electromagnetic,  law,  discovery,  date 1019 

Industrial  education.     (Also  see  Education). 

statistics 1326 

Initial  peak,  definition 1665 

Instruments,  electric,  zero  scale  setting 1522 

electrodynamometer.       (Also    see     Electrodynamo- 

meter) 

moving-coil  type,  characteristics  1566 

stray  field  er- 
rors   1567 

overload  characteristics 1607 

separately  excited 1490  1497 

tubular 1485 

electromagnetic,  moving-iron  type,  characteristics. .  .  1566 

stray  field  errors .  1567 

overload  characteristics 1607 

horizontal  shaft,  limit  of  maximum  weight 1567 

ratio  of  torque  to  weight 1567 

hot-w^ire,  accuracy  test 1593 

limitations 1599 

range  of  application 1591 

temperature  coefficient 1608 

eflFects 1604 

indications,  transmission  to  a  distance 1537 

induction  type,  accuracy 1566 

characteristics 1566 

limitations 1599 

overload  torques 1607 

theory 1571 

moving  system,  light  weight,  advantages.  1599-1 601  1602 

recording  capillary,  ink  feed 2105 

spark,  disadvantages 2105 

switchboard,  readability,  various  scales 1570 

scales,  charges 1601 

space  requirements,  various  types 1569 

wattmeters.     (See  Wattmeters). 

Insulation,  cambric,  maximum  temperature 756 

conductors,  coal  handling  docks 725 

cotton,  maximum  temperature 610 

generators,  acyclic,  difficulties 1826 

mill  motors,  maximum  temperatures 612 

rubber,  maximum  temperature 756 

varnished  cambric,  temperature 756 

Insulators,  lightning- proof 2140 

line,  cemented,  specifications 2165 

corona,  streamers  eflFect 2204 

design  feature 977 

for  lightning  stresses 2140 


k 
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Insulators,  line,  design  (continued) 

test,  outline 2160  2184 

discharge  theory 2203 

clectrose,  flash-over  test 2123 

high-frequency  test 2124 

failure  from  lightning 2121 

glass,  advantages 2196 

grounded  pin,  effect 2214 

high-frequency  stresses 2136  2177 

effects 2210 

theory 2180 

time  element 2178 

tests 2124  2133 

advantages 2211 

testing,  specifications 2209 

inspection 2164 

factor 2194 

mechanical  test 2148 

outline .  2164 

parallel  test 2148 

pin,  grounded,  effect 2214 

porcelain,  high-frequency  test 2129 

protection,  arcing  rods 2220 

puncture  stresses 2203 

tests 2148 

outline 2164 

rain  tests 2146 

effect  of  water  quality 2187 

specifications 2219 

surface  conduction  effect 2207 

suspension,  arc-over,  effect  of  moisture 931 

e.m.f.,  calculations  compared 

with  tests 943 

dry 911 

wet 911 

tests    compared    with 

calculations 943 

tests 913  914 

various  types 915 

capacity  distribution,  calculation 918 

equation 921 

measurement 935 

characteristics,  calculations 922 

compared 

with  tests  927 
tests    compared     with 

calculations 927 

various  types 2154 

classification 2153 

disk  spacing 2182 

effect     of     grounding     on     dielectric 

strength. 2225 

electrical  characteristics 907 

e.ni.f.  distribution 2171 

calculation..  916-919  934 

equations 921 

high  frequency 949 

tests 941 

jjlass,  advantages 2197 

test 2198 

hook  and  loop  connection,  comments..  2184 

petioTmatvce  \^^\. 908 
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Insulators,  line,  suspension,  performance  test  {continued) 

compared  with  calcu- 
lations    946 

Los  Angeles  Aqueduct  944 

rain  test 2146 

specifications  outline 2183 

string  efficiency,  definition. .  .  91 1-2170  2182 

equation 922 

ratio,  definition 2170  2172 

test,  precautions 909 

results,  Ontario  Pwr.  Co 2156 

testing  equipment 2145 

types,  capacity 168 

flash-over  voltage 167 

limitation 167 

test,  Ontario  Power  Co.,  requirements .  2160 

testing  equipment,  Ontario  Power  Co..  2144 

errors 2217 

high-frequency  method 2138 

methods 2208  2145 

plant,  specifications..2160-2218  2185 

specifications. .  2160-2183-2219  2221 

wave-form  distortion 2186 

strain,  tests,  Ontario  Power  Co 2158 

testing  plant,  specifications 2189 

wave-form  distortion 2186 

Ionization,  free,  effect  on  corona 1099 

from  central  wire,  properties 1 100 

corona 1094 

Ions,  travel,  distance,  parallel  wires 1112 

Iron,  cast,  resistivity,  electric 1 176 

critical  magnetic  temperature 2034 

hysteresis  at  high  temperature,  tests 2084 

losses,  calculation 1804 

due  to  tooth  frequency,  formula 1807 

Irrigation,  humid  districts,  feasibility 1994 

pumping  loads,  Mt.  Whitney  system.  Southern  Calif. .  .  1988 

Pacific  Pwr.  &  Lt.  Co.,  Wash 1989 

San  Joaquin  Lt.  &  Pwr.  Corp.,  South- 
ern Calif 1993 

U.  S.  Reclamation  Service,  summation  of  work 1991 

Labor  conditions,  European 1310 

classification  by  Tolstoi 1352 

cost,  coal  mine  power  plants 742 

skill,  European  compared  with  American 1311 

Lamps,  carbon  as  resistors 1527 

commercial  types,  candle  power  ranges 1258 

relative  size 1259 

design  for  low  frequency 979 

incandescent  as  resistors 1525 

blackening  by  mercury 1209 

Edison  effect 1211 

life,  effect  of  temperature :  1215 

radiometer  pressure  gage 1212 

tantalum  as  resistors 1527 

testing  four-lamp  bridge 1530 

tungsten  as  resistors 1527  1534 

life 361 

Lead,  density 1227 

Leakage  reactance.     (See  Reactance). 

various  machines.     (See  Name  of  Machine). 

Light,  absorption  by  dirty  glassware "^^^ 

colored,  frequency ^^Sx 

frequency ^ 
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Lighting*  banking  room,  design,  description 1283 

colors,  relative  importance 1277 

cost,  effect  on  labor  efficiency 1304 

relation  to  wages 1271 

depreciation,  causes , . .  1265 

design,  absorption  method 1283 

flux  method 1282 

required,  calculation 1290 

method  of  procedure 1281 

point-by-point  method 1282 

effect  of  frequency 1970 

on  eye 1279 

wages 1270 

esthetic  principles 1274 

factories,  classification 1258 

effect  of  dirt  accumulations 1266 

on  efficiency 1264 

on  workman  efficiency 1295 

tungsten  systems,  data 1262 

efficiency 1265 

lamp  spacing,  chart 1260 

loss  due  to  dirty  glassware 359 

reflectors.     (See  Reflectors). 

shadows,  consideration 1277 

street,  classification  of  service 345 

cluster  system,  efficiency 481 

losses 481 

glassware  cleaning 350 

ideal  light  distribution 347 

loss  by  dirty  glassware 359 

present  practice •. 340 

principles 341 

requirements 342 

series  system,  efficiency 484 

losses. 484 

tungsten,   experience 358 

maintenance  cost 348 

systems  available 346 

Lightning  arrester,  aluminum,  d.c,  care 950 

circuits,  installation 867 

railway  car  protection,  experience...  862 

antennae  purpose 814 

arcing  ground  suppressor  in  cables 1886 

compression  chamber  type 812 

characteristics 813 

development,  tests,  outline 822 

discharge  recorders 846 

endurance  test 816 

ground  connections,  specifications 821 

magnetic  blow-out,  arc  chute,  design 870 

current  oscillograms. .  .873  885 

design 869 

e.m.i.  oscillograms 873  885 

new  type 868 

pole  type,  installation  specifications 819 

railway  car,  location 856 

choice  of  type 865 

types 851 

resistors  with  by-passes 818 

series  resistance,  use 814 

resistor,  design 872 

disturbances,  automatic  recording 845 

\me  \usu\atOTs,  svi^^ested  investigation ...  2141 


TOPICAL  INDEX                                '  61 

Lightning  disturbances  (continued) 

railways,  experience 859, 

potential 814 

protection,  insulators  arcing  rods 2220 

railway  cars,  eflFect  of  wiring 852 

Lightning-proof  insulators 2140 

Lines,  pole.     (See  Pole  lines). 

Load  curves,  apartment  hotel 30 

house 31-32  33 

automatic  telephone,  private  branch  exchange 378 

Boston  Edison  Co 255 

total,  daily 240 

Brooklyn  Edison  Co.,  daily 236 

Chicago  total,  daily 24 1 

coal  mines 11 

Commonwealth  Edison  Company 254  255 

department  store 34  35 

hotel 30 

iron  foundry 39 

isolated  plant,  Chicago  ,daily 241 

service 27 

jute  mill 38 

light  and  power,  Boston,  daily 240 

Chicago,  daily 241 

New  York,  daily 235 

loft  building^ 35 

Mercantile  Building 37 

New  York  Edison  Co 254 

daily 236 

total,  daily 235 

office  building 36  37 

Public  Service  Corporation,  N.  J.,  daily 236 

railroad,  3rd  Avenue,  N.  Y.  systems,  daily 237 

Chicago  Elevated,  daily 243 

freight  traffic,  daily 244 

electrified  steam  roads,  N.  Y.,  daily 235 

Hudson  &  Manhattan,  daily 237 

Interborough  Rapid  Transit  system,  N.  Y., 

daily 237 

New  York  Central,  electric  zone,   N.   Y., 

daily 238 

N.  Y.,  N.  H.  &  H.,  electric  zone,  N.  Y.,  daily  238 

Penn.  electric  zone,  N.  Y.,  daily 238 

Public  Service  Corp'n,  daily 237 

steam,  Chicago,  daily 241  244 

passenger  service,  daily 244 

street,  Boston,  daily 240 

Chicago,  daily 241  243 

New  York,  daily 235 

sugar  mill 38 

diagram,  rolling  mills 2065 

Load-factors,  Boston  Edison  Company,  daily 251 

light  and  power,  daily 253 

Brooklyn  Edison  Company 236 

daily 252 

coal  mine  service 740 

mining  plant 13 

Commonwe^th  Edison  Co.,  Chicago,  daily 245  251 

effect  of  coal  mine  operation,  cost 748 

on  cost  of  electric  energy 75 

isolated  plant,  Chicago 241 

light  and  power,  Boston T.^l<^ 
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Load-factors,  light  and  power  {continued) 

Chicago 241 

annual 245 

daily 249 

New  York 235 

Public  Service  Corp'n,  daily 252 

New  York  Edison  Co 236 

daily 252 

Public  Service  Corporation,  N.  J 236 

railroad,  3rd  Avenue,  N.  Y 237 

daily 252 

Boston,  daily 251 

Brooklyn  Rapid  Transit  Co 237 

daily 252 

Chicago,  daily 251 

freight  service,  Chicago 266 

traffic,  Chicago 244  269 

Hudson  &  Manhattan 237 

daily 252 

Inter  borough  Rapid  Transit  Co 237 

daily 252 

New  York  Central,  electric  zone, 238 

daily 252 

N.  Y.,  N.  H.  &  H.,  electric  zone,    238 

daily 252 

Pennsylvania,  electric  zone 238 

daily 252 

steam 238 

Chicago 241 

daily 249 

New  York 235 

passenger  service 244  278 

railways,  street,  Boston 240 

daily 253 

Chicago 241-243  249 

annual 245 

daily 249 

New  York  City 235  237 

Public  Service  Corp 237 

relation  to  cost  of  energy  production 82 

telephone  operator 424 

Locidizer,  definition 1881 

Losses,  converters,  synchronous 1706 

core,  generators,  induction,  effect  of  magnetic  wedges 1739 

damper,  generators,  turbo 1806 

dynamotors 1706 

frictional,  electrical  machinery,  measurement 1699 

measurement 1699 

motor- generators 1697 

generators,  a.c 1705 

acyclic 1819 

d.c 1705 

commutating  pole 1705 

turbo,  bearing  and  windage 1740 

copper 1740 

stator  core 1740 

test 1740 

iron.     (See  Iron). 

electrical  machinery,  measurement 1701 

load,  motor-generators,  correction  factors 1715 

motors,  d.c,  correction  factors 1716 

motor-generators 1697 

d.c,  induction 1706 
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Losses,  motor-generators  (continued) 

frequency  changer 1706 

induction,  d.c 1706 

synchronous-direct  current 1706 

motors,  a.c.  commutator 1704 

d.c 1704 

commutating  pole 1703 

induction,  cage  secondary 1704 

wound  secondary 1704 

synchronous 1704 

rotational,  electrical  machinery,  measurement 1700 

Lubrication  diflficulties,  generators,  acyclic 1822 

requirements  rolling  mill  drives 649 

Machinery  depreciation 101 

Manufacturing,  value  of  space  for  power  plants 62 

Measurements,  electrical,  transmission  to  a  distance 1659 

Meter,  frequency,  theory 1597 

power-factor  for  frequency  measurement 1603 

watthour,  losses 478 

Milking  machines,  power  requirements 1998 

Mills,  cement.     (See  Cement  Mills), 
flour.     (See  Flour  Mills), 
paper.     (See  Paper  Mills), 
steel.     (See  Steel  Mills). 

Mines,  coal,  central  power  plant,  advantages 749  751 

station  vs.  private  plant 747 

cost  of  energy  production 746 

purchased 746 

effect  of  voltage  fluctuations 748 

electric  cutter,  saving 2 

energy  consumption 9 

equipment,  power  requirements 9 

hoisting  problem,  features *  4 

load  characteristics 740 

load  curve 11 

operation  central  station,  advakitages 10 

cost,  effect  of  load-factor 748 

power  plant,  equipment  cost 742 

requirements 738  746 

primary  operation 1 

pumps,  cost 742 

uses  of  electricity 2 

electric,  frequency  standard 971 

hoisting,  flywheel-equalizer  plan 6 

lamps,  flicker,  frequency,  relation  to  eye  strain 978 

M.m.f.  distribution,  armature,  d.c,  full  load 620 

d.c.  machine  no  load 620 

due  to  armature  distribution 616 

field  coil  distribution 516 

Motor-generators,  acceleration  characteristics 564 

cost 743 

input-output  measurement,  accuracy 1709 

test,  circuit  diagram 1710 

load  losses,  correction  factors 1716 

losses 1706 

(Also  see  Losses). - 

starting  torque  with  new  oil  and  bearings 655 

synchronous,  efficiency 478 

torque  required  to  start 554 

Motors,  a.c.  commutator,  losses 1704 

(Also  see  Losses) 

rolling  mill  drive 2091 

speed  regulation IQftl 
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Motors,  a.c.  commutator  (continued) 

use  with  induction  motor  and  flywheel..  21 19 

induction,  braking  d.c 634 

vs.  a.c 639 

torque,  calculation 635 

curves,  calculation 632 

with  alternating  current 629 

cage  secondary,  losses 1704 

cost 743  965 

current  locus,  proof 1754 

demagnetizing  effect  of  secondary  current..  1752 

desi^,  effect  of  frequency 964 

efficiency.     (See  Efficiency). 

electric  braking 627 

mill-type,  wound  secondary,  characteristic.  614 

performance  curves 670 

power-factor.     (See  Power-factor). 

reactance  calculation 575 

single-phase,  analysis  of  performance 1749 

circle  diagram 1767 

center  locus. . . .  1775 

data  necessary.  1779 

proof 1770 

current  equations  with  short- 
circuited  secondary. .  1762 

equations 1751 

equivalent  reactance 1753 

transformer 1760 

locked  point,  location 1781 

locus  diagram,  proof 1754 

performance  calculation 1779 

effect  of  prim- 
ary reactance.  1778 
secondary  currents,  no-load. .  1763 

slip  calculation 1776 

small  size,  performance 1785 

speed  calculation 1776 

starting  torque  equations  1758  1783 

transformer  theory 1749 

vector  diagrams 1764 

spccd-tor(iuc  calculation,    variable    resist- 
ance   635 

curves,  variable  secondary  re- 
sistance  615  671 

equations,  variable  secondary 

resistances 630 

starting  characteristics,  variable  secondary 

resistance 616 

conditions  in  cotton  mill 1793 

two-phase,  circle  diagram 1761 

analysis 1762 

equivalent  circuits 1759 

torque  start  equation 1783 

weight,  effect  of  frequency 966 

wound  secondary,  losses 1704 

synchronous,  acceleration  characteristics,  tests 546 

with  damp- 
ers.. .  548  549 
without 

dampers..  550 
effect    of    varying   exciting 

current 554 

a*\i-^ap  cVioVc^ 596 
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synchronous  {continuttf 

amortiaseur  winding,  c»lculation 562 

design S8fl 

compared  nit  h  induction  motor 593 

design,  effect  of  frequency 960 

effect  of  varying  exciting  current 554 

end  connection  reactance,  calculation 580 

field  connections  at  starting 540 

half-speed  running,  explanation 587  692 

induction  of  coil  in  slot 633 

laminated  pole,  induct  e.m.f.,  test S90 

vs.  solid  pole 591 

leakage  reactance,  calculation 562 

losses,                      1704 

reactance  calculation 675 

rotor  losses,  calculation 562 

resistance,  calculation 562 

slot  pitch,  choice 602 

single-phase,  reactance,  calculation 684 

solid  pole,  induced  e.m.f.,  test 590 

vs.  laminated  pole 590 

Speed-power-factor  characteristics, 

solid  pole 551  663 

characteristics  with 

dampers  548  549 
characteristics  without 

dampers..  650 

speed-torque  characteristics,  solid  pisles  651  562 

with  dampers  549 

without 

dampers.  ..  560 

starting  characteristics,  assumption 665 

effect  of  hysteresis  634 
laminated      poles 
with    dampers, 

calculation.  657 

with  dampers.  548  649 
without  dampers, 

teat 542 

connections 640  600 

star  V9,  delta 637 

current,  calculation 565  598 

design  for  uniform  torque 536 

to  reduce  phase  unbalance.  637 

effect  of  higher  harmonics      ....  538 

mutual  inductance 632 

phase  unbalance 630 

reversing  excitation 630 

self  inductance 632 

■                    temperature. 541 

non-uniformity  of  torque 634 

power- factor,  effect  of  rotor  re- 
sistance  546  547 

rotor  input,  no  dampers 544 

squirrel  cage,   copper-loBs  equa- 
tion   699 

torque,  effect  of  rotor  resistance.  .  546 

solid  poles,  calculation. . .  556 
tests,  without  damp- 


k 
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Motors,  a.c.  synchronous  (continued) 

stator  reactance,  equation 584 

formula 557 

tooth  tip  leakage,  calculation 582 

definition 533 

effect  of  short  pitch 583 

zigzag  leakage,  calculation 581 

definition 533 

effect  of  short  pitch 583 

d.c,  4000  hp..  design  data 668 

armatures.     (See  Armatures). 

braking,  possibilities 641 

commutating  pole,  losses 1703 

mill  service 621 

steel  mill  service 625 

compound,  mill-type,  characteristics 611 

load  losses,  correction  factors 1716 

losses 1704 

rolling  mill,  2000  hp.,  dimensions 666 

efficiency 668 

series,  mill-type,  characteristics 611 

steel  mill  applications 619 

efficiency.     (See  Efficiency). 

electric  vs.  gasoline 2005 

flux  distribution.     (See  Flux  distribution). 

pjasoline  vs.  electric 2005 

msulation.     (See  Insulation), 
losses.     (See  Losses). 

mill-type,  specifications 606 

railway,  armature  speed,  choice 211 

control.     (See  Control). 

field  method,  advantages 221 

gear,  ratio,  choice 211 

heating,  effect  of  gear  ratio 228 

rating.     (See  Rating). 

intermittent  service 609 

weight  reduction  by  ventilation 207 

methods 205 

Multi-recorder,  circuit  connections 840-841  848 

construction 838 

design  difficulties 836 

for  diagnosing  trouble  in  power  stations 831 

testmg  motormen 833 

theoretical  investigation 833 

operation  principles 842 

pencil  type,  record 836 

printing  type,  record 837 

Mt.  Whitney  Power  &  Electric  Co.,  map  of  territory 1987 

Nickel,  hysteresis  at  low  temperature,  tests 2048 

Oats,  production,  various  states « 2010 

Oersted's  discovery,  date 1019 

Ohm's  law,  heat  flow 1194 

Oil,  dielectric  strength,  various  temperatures 333 

Oscillograph,  use  in  corona  loss  testing 1049 

Ozonators,  Berthelot 989 

General  Electric 993 

Gerard 990 

Otto 991 

sales 996 

Siemens  &  Halske 989 

Ozone  analysis 994 

chemical  properties 994 

compressed,  properties    . •  994 
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Ozone  {continued) 

discovery,  date \ . .  .  985 

explosive  properties 994 

generators.     (See  Ozonators). 

magnetic  properties 994 

production,  chemical  process 986 

electric,  theory 988 

electrolytic 987 

electrostatic 987 

slow  oxidation 986 

Pacific  Power  &  Light  Co.,  map  of  territory 1990 

Paper  mills,  calenders,  drive,  cost  various  methods 1974 

engine  drive 1961 

group  drive 1961 

power  requirements 1964 

sheet,  power  requirements 1979 

single-motor  drive 1963 

two-motor  drive 1962 

finishing  machinery,  electric  drive 1959 

frequency  standard 1971 

platers,  construction 1982 

power  requirements ^ 1982 

sheet  calenders,  construction 1979 

super  calenders,  driving  requirements 1960 

Parallel  operation,  alternators 452 

division  of  current 460 

load 458-465  469 

control 462 

eflfect  of  field  adjustment 464 

power-factor 460 

eflfect  of  field  adjustment 452  459 

frequency 957 

governor  adjustment 452  459 

generators,  cross  currents,  various  external  re- 
sistances   1671 

turbo,  cross  currents 1671 

stations,  a.c 453 

design 465 

eflfect  of  governor  adjustment 460 

line  constants 455 

multiple  circuits 466 

synchronous  machines,  effect  of  field  adjust- 
ment   461 

transmission  lines,  protection 180 

circuit  diagram  181  1 82 

Peak-factor,  definition 1617 

Pelton  wheel.     (See  Turbines). 

Permeance,  air  gap,  d.c.  machine 519 

Permeability  curves,  electrical  steel 1613  1614 

measurement  with  alternating  current 1609 

limitations 1624 

Pipes,  underground,  resistance  measurement 1465 

wood  stave,  friction  losses 472 

Piping,  power  plant,  cost 45  742 

Platinum,  melting  point 1225 

radiation  at  melting  point 1226 

resistivity,  electric 1222 

"  Pogonit,"  definition 427 

Pole  lines,  construction,  cost 495 

joint  operation 491 

easements 508 

joint  operation,  agreement 492 

construction WV 
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Pole  lines,  joint  operation  (continued) 

distribution  of  shares,  schedule 506 

electrical  hazard 506 

elimination  of  waste 496 

maximum  voltage 507 

numbering  system 507 

operating  records 499 

organization 492 

practical  results 495 

regulations 493 

saving 495 

State  laws 501 

tree  trimming 507 

Poles,  butt  rot,  effect  of  concrete  casing 446 

cedar,  market  price 498 

Eastern  white  cedar,  rate  of  decay 431 

installation  cost 498 

Lawson  cypress,  properties 435 

strength 435 

Port  Orford  cedar,  properties 435 

strength 435 

rot,  theory 430 

strength,  modulus  of  rupture,  formtda 435 

test  specimens 432 

testing  apparatus 433 

tests,  deflection,  correction  factor 434 

timber,  destructive  influences 430 

transmission  supply.  Pacific  Coast 429 

western  cedar,  classification 437 

properties 435 

rate  of  decay 431 

specifications 438 

strength 435 

red  cedar,  causes  of  weakness 436 

Power  consumption,  calenders,  paper 1965-1966  1969 

sheet 1979 

coal  handling  docks 728-729  735 

cream  separators 1998 

milking  machines 1998 

mine  hoists 698 

railroads,  increase  due  to  cold 270  278 

reversing  mill,  analysis 675  676 

test 674-^76  676 

■    rolling  mills 2069 

steel  mill,  roller  tables 613 

trains,  freight 1010 

switching 1011 

requirements,  calendars,  paper 1964 

sheet 1979 

coal  handling,  bridge  tramway 717  718 

cable  car 718 

(lock 710 

man  trolley 719 

mines 9-738  746 

cream  separators. 1998 

dairy  farms 1998 

milking  machines 1998 

mines,  hoisting  plant,  tests 698 

platers,  paper  mills 1982 

railroads,  freight  service 274 

Chicago 266  271 

reversing  mills 647 

test 674 
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Power  requirements  (continued) 

rolling  miU 678-679-^80  2051 

steel  mill  auxiliaries 609 

trains,  freight 1010 

various  machines.     (See  name  of  Machine). 

Power-factor,  compensation  with  commutator  machine 2078 

corona  loss 1042 

effect  on  alternator  excitation 1844 

generator,  a.c.  induction,  variation  with  air-gap. .  .  .  1733 

motor  induction,  1300  h.p 670 

small  size 1785 

speed  regulator 2118 

rolling  mills,  commutating  regulator  control 2104 

rheostatic  control 2104 

Power-plants,  coal  mine,  operating  force 739 

economy,  effect  of  over-load  efficiency 92 

efficiency,  importance 489 

exciter  layout 1867 

hydroelectric,  hydraulic  losses .  472 

losses,  distribution '.  .  482 

isolated,  apartment  houses,  log  5heet 28 

cost  of  operation 62 

design,  effect  of  heating 18 

refrigeration  plant 19 

factors 19 

general 16 

fuel  costs.  New  York  City 16 

h.p.  in  New  York  City 16 

industrial,  log  sheet 28 

labor  cost.  New  York  City 16 

location  of  machinery 21 

number  in  New  York  City 15 

office  building,  log  sheet 29 

operation,  general  conditions 16 

repairs 53 

Lehigh  Navigation  Electric  Co.,  announcement. ...  185 

operation,  labor  problem 1348 

machines  run  at  full  load 485 

protection,  circuit  diagram 178 

single-phase  generator,  cost 125 

superintendence,  cost 742 

thermal  efl&ciency 288 

three-phase  generators,  cost 125 

three-unit,  cost  compared  with  two-unit 40 

two-unit  cost  compared  with  three-unit 40 

wind-mUl 2002 

Potentiometer,  Drysdale,  a.c 1138 

Pratt  Institute,  curriculum 1324 

student  statistics 1326 

Prime  movers,  efficiency  at  over-loads,  effect  on  production  cost.  .  92 

foundation,  cost 45 

losses,  classification 82 

Producers,  gas,  cost 45 

Professional  work,  definition 1360 

Protection,  feeders,  magnetic  balance  system 1928-1929  1930 

transformers 1926 

transmission  lines,  limiting  factors 1933 

Pumps,  centrifugal,  acceleration   characteristics 552 

starting  characteristics 553 

cost 742 

feed,  cost 742 

water,  scrap  values 744 

turbine  driven,  power-speed  characteristics IQ4(1 
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4 

Radiation,  bright  metallic  surface,  formula 1232 

copper,  rocrni  temperature 1233 

platinum,  room  tem{>erature 1233 

Wien's  law 1232 

Radiometer  for  vacuum  measurement 1212 

Railroads,  acceleration  (alsf>  see  Acceleration.)  economical 217 

braking,  economical 218 

cars  (Sec  Cars; 

coasting,  economical 218 

economics,  limitations 321 

electric,  a.  c.  lightning  disturbances  vs.  d.  c 794 

single-phase  compared  with  d.c 153 

cost  compared  with  d.c 134 

economy  compared  with   d.c. 

substation  system 163 

merits  compared  with  d.c 139 

{                                                                      armature  speed,  choice 211 

^                                                                     car,  dead  weight 204 

f                                                                              mileage 204 

I                                                                      cost,  single-phase  energy 134 

(I.e.  cost  of  energy 133 

lightning  disturbances  vs.  a.c 947 

economies 217 

energy  consumption 160 

effect  of  gear  ratio 227 

purchase,  advantages 316 

reasons 72 

freight  service,  acceleration 1016 

tractive  effort 1016 

energy  consumption 1010 

power  consumption 1010 

ratio  of  revenue  to  train  weight .  1014 

speed- time    curves 1016 

tests 1003 

tractive  effort-time  curves 1016 

frequency,  choice 969 

standard 971 

Vjcar  ratio,  choice 211 

city  service 212 

effect  on  energy  consumption 227 

heating 228 

interurban  service 215 

surburban  service 215 

power  compared  with  steam,  method 70 

protective  apparatus 851 

reduction  of  dead  weight 205 

switching  service,  energy  consumption 1011 

power  consumption 101 1 

electrification,  bibliography 273 

Chicago,  freight  service  load 259 

group  operation,  map 257 

passenger  service,  analysis ....  275 

load 261 

power  requirements,  analysis. .  266 
saving  of  unified  system  over 

group  system 280 

switching  service  load 259 

unified  system,  map 258 

saving  of  coal 272 

zone,  map,  Chicago 256 

steam,  power  requirements 266 

Rain  gage  construction 2147 

nozzles  for  insulator  tests 2146 
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Rates,  central  station,  coal  handling,  dock  service 720 

mining  plants 14 

service,  general  principles 49 

electric  energy,  railroads,  Chicago 280 

railways,  street,  Chicago 288 

irrigation  pumping.  Southern  California 1988 

rural  service,  Southern  California 1993 

Rating,  calculation,  intermittent  service 609 

conduit  ducts 784  786 

machinery,  definition 102 

motors,  root  mean-square  methods,  defects 620 

Rays,  light,  frequency 966 

Reactance,  cables,  calculation 806 

conductors  in  rectangular  slot,  calculation 576 

round  slot,  calculation 575 

leakage,  motors,  synchronous,  calculation 562 

motors,  synchronous,  stator,  formula 557 

transformers,  calculation 2016 

Reactors  between  line  and  transformer,  danger 171 

hysteresis  losses,  errors 1596 

iron  core,  design 1596 

eddy-current  errors 1596 

pancake  winding  design 2036 

protective,  design 2045 

constants 2037 

for  20.000  kw.  generators 2036 

vs.  internal  reactance 2044 

Reclamation,  U.  S.  service,  summation  of  work 1991 

Recording  wattmeters  (see  Wattmeters) 

Reflectors,  cleaning,  cost 1269 

designed  for  desk  lighting 1288 

Regulation,  electrical  machinery,  measurement 1699 

e.m.f.,  booster  control 1866 

Tirrill  regulator 1854 

Regulators,  Chapman,  method  of  operation 1864 

e.m.f.,  exciters  for  use  with 1879 

Thury 1862 

construction 1863 

Tirrill,  circuit  diagram 1854 

for    controlling    two    or    more 

generators 1857 

compensation  for  line  drop 1857 

constant  exciter  e.m.f 1861 

large  systems 1858 

method  of  operation 1855 

protection  against  short-circuits 1858 

Relays,  American  practice,  review 1911 

application.  American  practice 1911 

balance  system 1915 

current  balance  system 1915 

definite  time-limit,  characteristics 176 

disadvantages  in  large  systems 186 

e.m.f.  balance  system 1917 

Faye-Hansen  and  Harlow  system 1929 

generator  protection 176 

Hdchstader  system 1928 

inverse- time  overload  characteristic 178 

selective,  characteristic 179 

magnetic  balance  system 1917 

Merz-Price  system 1913 

application 1922 

e.m.f.  balance 1923  1924 

magnetic  balance 1924 
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Relays,  Merz-Price  system  {continued) 

type 1918 

iised  with  overload  in  ring  system 1926 

overioad,  used  with  balance  in  ring  system 1926 

protective,  accuracy,  reqmrements 195  197 

inventor 192 

transformer  protection 1771 

Report,  board  of  directors 2231 

finance  committee 2246 

library  committee 2238 

Resistance,  a.c.  compared  with  d.c.  measurement 1501 

measurements,  a.c.  and  d.c.  method 1508 

busbars 1470 

closed  circuits 1467 

tmdergrotmd  pipes 1474 

thermal,  conversion  factors 1197 

new  unit 1196 

Resistors,  filament  lamps,  characteristics 1527 

for  lightning  arresters 818 

lightning  arrester 872 

tungsten,  application 1637 

Rheostats,  water,  choice  of  solution 704 

construction 692 

electrode  area 694  702 

evaporation  energy 703 

level  regulation 693 

resistance,  effect  of  temperature 695 

salt,  solution  for  best  results 692 

three-phase,  plate  arrangement 695 

volume  determination 696 

watts  per  unit  voltmae 696 

Rolling  mills,  cooling,  relation  of  surface  to  cross  section 2060 

direct  pressure,  definition 2066 

drive,  motor,  a.c.  commutator 2091 

efficiency  (see  Efficiency) 

European  practice 666 

flywheels,  disadvantages 2097 

hand-operated  speed,  relation  to  thickness  of  metal.  2069 

indirect  pressure,  definition 2056 

load  diagram 2066 

motors,  d.c,  2000  h.p.  dimensions 666 

inertia  reduction 666 

size  determination 2061 

pass  sections,  typical 2067  2068 

power  consumption,  calculations 2063 

cold  work 2060 

effect  of  chemical  composition 

of  steel 2060 

density  of  steel 2060 

displacement  pressure.  2066 

temperature  metal ....  2068 

volume  displaced 2063 

relation  to  section  reduction . . .  2064 

copper  losses 675  676 

for  acceleration 675  676 

work 676  676 

friction  and  iron  losses 675  676 

required  to  displace  metal,  characteristics 678 

requirements,  determination 2061 

pressure  required  for  different  temperatures 2069 

reversing,  Algoma  Steel  Co.,  descnption 645 

bearings,  requirements 649 

electric,  first  American 669 
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Rolling  mills,  reversing,  electric,  first  (continued) 

European 669 

energy  stored  in  rotating  parts 667 

general  layout 661 

generators,  general  requirements 648 

motors,  general  requirements 648 

performance  test 673 

power  requirements 647 

time  of  reversal,  tests 656 

vs.  three-high 682  683 

rheostatic  characteristics,  speed  control 2104 

speed  control,  commutating  regulators 2076  2096 

characteristics.  2104 

multi- winding  motor 2074 

regulating  motors,  number  in  opera- 
tion   2115 

requirements 2068 

rheostatic  method 2071 

steam  driven,  testing  method 2101 

Rotors,  reactance,  calculation 575 

Rubber  insulation,  maximum  temperature .^ 766 

San  Joaquin  Light  &  Power  Corp.,  rural  service ' 1992 

Saturation  curve  for  armature  core 624 

Schools,  industrial,  classification 1313 

corporation  functions 1355 

Fitchburg  school 1368 

N.Y.  Edison  Company 1338 

Telephone  Company 1335 

organization 1314 

Pratt  Institute 1324 

railroad,  courses  taught 1346 

organization 1346 

New  York  Central 1340 

Pennsylvania 1342 

statistics 1345 

Wentworth  Institute 1328 

curriculum 1330 

Seattle  Munic.  Lt.  &  Pwr.  Co.,  plant  description 471 

Short-circuit  currents  (See  Currents) 
torques  (See  Torques) 

Siloxicon,  discovery 1186  1189 

"  Silver  thaw,"  definition 427 

Skin  effect,  equation 962 

Smithsonian  Institution,  organization 1025 

Sound  absorption,  reaction  upon  sounding  body 1426 

highest  audible,  frequency 956 

lowest  audible,  frequency 966 

Spark-g;ap,  calibration,  effect  of  frequency 2210 

inductance 2201 

effect  of  time 2216  2224 

polarity  for  ignition  purposes 1088 

Spark-plug,  gas  engine,  polarity 1088 

Squirrel  cage  windmg  (see  Windings) 

Stators,  reactance,  calculation 676 

Steel,  high-silicon,  exciting  current,  test 1496 

mills,  a.c.  vs.  d.c.  auxiliaries 624 

auxiliary  motors,  choice 606 

specifications 606 

power  requirements 609 

commutating  pole  motor,  performance 621 

d.c.  vs.  a.c.  auxilaries 624 

frequency  standard 971 
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Steel,  mills  (continued) 

roller  table,  power  consumption  with  oil 613 

without  oil 613 

rolling  (See  Rolling  Mills) 

suitability  of  d.c.  motors 619 

voltage  conditions 624 

silicon,  effect  of  transformer  losses 973 

ttmgsten  changes  at  high  temperature,  tests 2048 

Stock  farms,  use  of  electricity 1996 

Stray  currents,  corrosion,  test 1172 

measiu^ement 1449 

with  Haber's  ammeter 1478 

source  identification 1461 

underground  pipes,  measurements 1464 

testing  outfit 1462 

Street  lighting  (See  Lighting) 

Strength,  vanous  materials  (See  name  of  Material) 

String  efficiency,  definition 911 

Sturgeon's  discovery,  date 1021 

Substation,  all-day  efficiency 478 

cost 132 

efficiency,  effect  of  load-factor 116 

indoor  construction 324 

labor  and  supplies,  cost 117 

maintenance  cost 117 

meter  losses 478 

operation  cost 117 

outdoor,  design 325 

effect  of  moisture 326 

sun  heat 328 

operation 334 

transformer  type 329 

protection,  Merz-Price  system 1925 

railroad,  advantages 305 

synchronous  converter.losses 117 

transformer  losses 117 

Surges,  artificial  line,  experiments 191 

Switchboards,  cost 45 

telephone  automatic  call  distributing,  advantages. . .  424 

description . . .  408 
reduction      of 
multiple 

jacks 420 

manual  multiple,  description 405 

operation 406 

Switches,  air  controlled,  cold  weather  troubles 734 

air-operated,  advantages 724 

Switching,  effect  of  f re(juency 970 

long  transmission  lines,  tests 889 

Synchronous  generators  (See  Generators) 

motors  (See  Motors) 

Tantalum,  resistance-temperature  characteristics 1528 

Telegraph,  central  battery  system,  polarized  sounder 1433 

Henry's  invention 1023 

induction,  circuit,  description 1430 

closed  circuit  to  open  repeater 1445 

open  circuit  to  open  repeater 1445 

system 1434 

invention,  date 1023 

inventor. 1023 

repeater,  induction  system 1436 

sounder,  polarized  type 1431 

U.  S.  Army,  induction  outfit 1429 

wireless,  frequency 956 
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Telephone,  automatic,  power  consumption 386 

private  branch,  advantages 390 

exchange,  apartment  house 

advantages 367 

apartment  house 

description...  366 
circuit  diagram.  376 
commercial,  ad- 
vantages   369 

description.  370 

cost 383 

depreciation —  386 

energy  supply. .  376 
111.  Tunnel  Co., 

description. . .  400 
maintenance 

cost 385 

speed  of  connec- 
tion   381 

traffic    perform- 
ance. .  382 
sphere. . .  381 
trouble   record.  394 

diaphragms,  free  vibration,  lowest  loads 1409 

resonance  curves 1405  1408 

temperature  effect  on  vibration  period. .  1420 
variation  of  inductance  and  resistance.. .  1421 
vibration,  amplitude  current  characteris- 
tics, different  frequencies 1402 

forces,  equation 1401 

test 1399 

line,  erection 440 

pole  spacing 439 

manual,  power  consumption 386 

private  branch  exchange,  cost 384 

of  operation. .  387 

depreciation 386 

life 386 

traflfic  delays 391 

office  building,  design  of  conductors 1371 

estimatin|:  traffic 1371 

operator,  efficiency,  loss  in  rushes 423 

relation  to  positions  handled ....  422 

load-factor 424 

salary 387 

switchboards  (See  Switchboards) 

traffic,  calls  per  line  per  day 411 

connections  per  operator 412 

data,  automatic  private  branch  exchange 380 

delays,  automatic  compared  with  manual 391 

percentage   calls  trunked 413 

saving  due  to  automatic  call  distributing ....  416 

subscriber's  operators  required 414 

transmitter,  relation  between  current  variation  and 

current,  various  frequencies 1414 

resonance  curve 1416 

water-tight,  farm  use 2000 

wiring.     (See  Wiring). 

Temperature,  critical,  magnetic  iron 2034 

distribution,  conduits,  underground,  test 769 

insulated  cables 778 

maximum,  various  substances.     (See  name  of  Sub- 
stance). 
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Temperature  (continued) 

measurements,  resistance  method 788  789 

resistance  characteristic,  galvanized  iron  wire 759 

rise,  relation  to  room  temperature 1242 

Testing,  electrical  machinery,  sum mation-of -losses,  method 1606 

various  machines.     (See  name  of  Machine). 

Textile  mills,  starting  conditions,  test 1792 

power  demand,  test 1794 

Thermal  ohm,  conversion  factor 1197 

definition 1 195 

resistivity,  various  materials.     (See  name  <^  Material). 
Thury  regulators.     (See  Regulators). 
Tirrill  regulators.     (See  Regulators). 

Torque,  short-circuit,  generators,  a.c.  turbo,  test 1675 

various  external  react- 
ances   1675 

various    external    re- 
sistances   1675 

Towers,  cost,  various  spans 898 

factors  of  safety 905 

flexible,  field  of  application 906 

vs.  rigid 903 

foundations 904 

lines.     (Sec  Transmission  lines). 

rigid  vs.  flexible 903 

stresses,  classification 879 

wire  breakage 901 

wind  loads 901 

Train  resistance,  freight  service 1007 

on  curves,  freight  service 1007 

grades,  freight  service 1007 

Transformers,  auto,  design  for  higher  reactance 2020 

core-type,  design  for  higher  reactance 2021 

magnetic  shunt  construction 2021 

cost 142 

design,  effect  of  frequency 973 

for  higher  reactance,  difficulties 2016 

distribution  efficiency 481 

losses 481 

c.m.f.,  formula 958 

frequency,  effect  on  design 958 

high-tension,  distributed  capacitv 169 

star  vs.  isolated  delta 172 

instrument,  loading 1562 

testing 1635 

vibration  galvanometer  as  detector. .  . .  1639 
internal  reactance,  effect  on  short  circuits,  early  ex- 
planation   2046 

surges,  action 190 

mechanical  strength  on  short  circuit,  relation  to  size.  2039 

outdoor  high-tension,  installation 330 

list  of  those  in  operation 324 

requirements 329 

output,  effect  of  frequency 960 

pole-type,  protection 819 

protection,  arrester  tests 817 

balance  relay 1922 

current  balance  relay 1926 

relay  characteristic 177 

reactance,  calculation 2016 

regulation,  effect  of  frequency 959 

series,  effect  of  loading 1647 

selection  for  balance  relay  systems 1921 
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Transformers,  series  {continued) 

testing 1635 

self-contained  detector 1637 

shell- type,  design  fo4:  higher  reactance 2022 

magnetic  shunt  construction 2022 

short-circuit  stresses,  eflfect  of  external  reactance.. . .  2019 

calculating 2018 

shunt,  balance  method  of  testing 1627 

errors 1628 

testing 1636 

single-phase,  cost 127 

compared  with  three-phase 143 

step-down,  all-day  efficiency 477 

efficiency 131  477 

losses 477 

step-up,  all-day  efficiency 476 

efficiency 131  476 

losses 476 

telephone,  exciting  current,  test 1492 

synchronous  reversing  key  as  detector.. .  1640 

testing,  vibration  galvanometer  as  detector 1642 

three-phase,  cost 127 

compared  with  single-phase 143 

Transmission  cables,  capacity  currents,  one-phase  grounded 1896 

from  coal  mines 185 

high-tension,  advantages 189 

line,  artificial,  construction 888  1131 

experiments 191 

opieration 888 

conductor  size,  eflfect  on  cost 899 

current  and  e.m.f.  measurements 1141 

distribution,  inductive  load 1150 

non-inductive  load. .  1146 

one  end  free 1144 

design,  effect  of  frequency 960 

for  maximum  synchronizing  power.  . .  .  468 

parallel  operation  of  stations 465 

efficiency 131 

e.m.f.  distribution,  inductive  load 1150 

one  end  free 1144 

equivalent  circuits,  60  cycles  and  25  cycles..  . .  1158 

experimental,  Purdue  University 1035 

ground  wire,  strengthening  effect * 933 

high-tension,  all-day  efficiency 477 

efficiency 476 

losses 477 

mechanical  vibration 1091  1119 

ice  load 900 

impedance  measurement  with  static  voltmeter .  1161 

impulses,  equations 894 

propagation 889 

long  distance,  surge  experiment 191 

pole  spacing 439 

protection  American  practice 1911 

limiting  factors 1933 

regulation,  effect  of  frequency 960 

equation 1801 

single-phase,  economy  compared  with  three- 
phase 128 

losses 130 

spacing  for  different  sized  conductors. ........  466 

three-phase  economy  compared   with   single- 
phase 128 

losses 130 
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Transmission  line  (continued) 

traveling  impulses,  test 889 

wind  load 900 

wire  breakage 902 

plant,  losses,  distribution 482 

single-phase,  cost  compared  with  three-phase .  134 

three-phase  cost  compared  with  single-phase . .  134 

system,  connections 178-181-182-199  201 

efficiency 131 

frequency  standard : . . .  .  971 

in  and  around  New  York 247 

protection,  circiiit  diagram 178 

disadvantages  of  relays 186 

under  New  York,  unified 248 

unified,  advantages 319 

compare  with  group  method 280 

in  New  York,  possible  savings 264 

Tungsten,  conductivity,  heat 1222 

copper  plating 1241 

density 1221 

ductility 1221 

electric  furnace 1226 

hardening  qualities 1221 

magnetic  properties 1221 

melting  point 1220 

production 1219 

projectiles 1226 

radiation  at  melting  point 1226 

resistance-temperature  characteristic 1628 

resistivity,  electric 1221 

temperature  coefficient,  electric  resistivity 1222 

expansion 1222 

tensile  strength 1221 

uses 1222 

Turbines,  steam,  depreciation 101 

water,  Francis  type,  efficiency 474  475 

governing,  theory 1939 

impulsive  force 1944 

over-speed  determination 1938 

Pelton,  theory 1944 

type,  efficiency 474  475 

reaction,  efficiency  equations 1957 

various  makes 1953 

performance  characteristics 1954 

power  equations 1956 

run  and  measurement,  various  makes.  .  1951 

runaway  speed,  various  makes 1953 

speed  equations 1956 

theory 1960 

runaway  speed,  theory 1943 

speed,  selection 1937 

tangential,  efficiency,  various  makes 1949 

runaway  speed,  various  heads 1948 

makes 1949 

theory 1944 

Vacuum  improvement  by  vapor  condensation 1208 

measurement  with  radiometer 1212 

production 1207 

Ventilation,  building,  effect  of  heating  design 20 

conduits 792  794 

generators,  a.c.  turbo,  induction 1743 

acyclic 1824 

external  vs.  self-contained  blowers 

1655-1681-1685  1690 
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Ventilation,  generators  {continued) 

high-speed 1810 

small  air-gap 1743 

turbo,  loss  per  cubic  foot  of^air 1739 

Voltage,  coal  handling  docks 731 

plants 725 

mines,  effect  of  fluctuations 748 

Voltmeters,  electrostatic,  leakage  elimination 1623 

losses 1623 

induction  type,  performance  curves 1677 

laboratory,  standard  for  lamp  testing 1518 

static,  impedance  measurement 1161 

Volta's  discovery,  date 1019 

Water,  boiling  point,  various  pressures 331 

evaporation  energy 703 

jet,  impulsive  force 1944 

rheostat  (See  Rheostat) 

Watt-hour  meters,  accuracy,  effect  of  instrument  transformers 1545 

instrument  transformers 

various  power-factors  1549 

choice  of  rating 1563 

size  of  meter 1541 

installation  methods 1541 

rotating  standard,  influence  external  fleld 1555 

shunt  operation,  difficulties 1559 

note 1562 

testing,  large  sizes 1551 

Wattmeters,  a.c.,  moving-coil  current 1511 

compensated,  characteristics 1580 

eddy-current  errors 1589 

performance  curves 1582  1585 

use  of  concentric  cable 1581 

electrodynamometers.       (Also    see    Electrodynamo- 

meters). 

eddy-current  errors 1588 

recording  indications,  transmission  to  a  distance 1539 

overshooting 726  734 

Waves,  electric,  frequency 956 

Wave-form  distortion  in  existing  transformer 2186 

Weather  conditions,  Oregon 427 

Pacific  Coast 427 

map 442 

Washington 427 

Wheat  production,  various  states 2010 

Willan's  law  expression 104 

Wind  load  on  transmission  lines 900 

towers 901 

pressure 901 

velocities 901 

Wind-mill,  power  plant 2002 

Windings,  generators,  induction,  effect  of  pitch 1809 

pitch-factor 1877 

generators,  a.c 1843 

squirrel-cage,  calculation 562 

design 586 

Wire,  aluminum,  skin  effect,  equation 962 

convection,  calculation 1230 

losses,  forced  ventilation,  calculation 1237 

free  ventilation,  calculation 1234 

copper,  skin  effect,  equation 962 

current  capacity.     (See  Current-carrying-capacity). 

iron,  galvanized,  temperature-resistance  characteristics 759 

Wireless  telegraphy,     (See  Telegraphy), 
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Wiring  car,  electromagnetic  induction,  test S65 

electrostatic  induction,  test 868 

high-frequency  induction,  tests 853 

protective  apparatus 856 

relation  to  lightning,  protection 852 

diagram,  apartment  bunding 1391  1392 

automatic  telephone,  private  branch  exchange. . .  376 

Chapman  regmator 1864 

corona  loss,  test 1037 

current  balance  relay 1922 

electric  mine  hoist 689 

excitation  systems 1869-1870-1871  1872 

Faye- Hansen  and  Harlow  system 1930 

feeder  protection,  balance  relay .1923  1924 

flywheel- motor-generator,  rolling  mill  drive 663 

generator  protection 1922 

Hdchstader  relay  system 1929 

hotel 1388 

insulator  testing  plant 2145 

loft  building 1386 

mine  hoisting  plant 697 

motor-generator,  input-output  test 1710 

multi-recorder 840-841  848 

office  building,  eleven  story 1385 

Hudson  Terminal 1380-1381  1382 

resistance  measurement,  a.c.  and  d.c 1508 

Tirrill  regulator 1854-1856-1857-1858  1859 

transformer  protection 1922 

watt-hour  meter  test  with  differential  galvano- 
meter   1553 

flywheel- motor-generator  installation  for  reversing  mill.. .  .  651 

installation,  electric  mine  hoist 690 

telephone,  apartment  building 1386 

classification  of  buildings 1368 

hotels 1386 

inclusion  of  building  plans 1367 

loft  buildings 1383 

office  building 1369 

Hudson  Terminal 1378 

subsidary  boxes,  standard  sizes 1373 

Woodward  Iron  Company,  electric  hoist  installation 685 

X-Ray,  frequency 956 

tube,  tungsten  target 1224 
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